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ABOUT THIS BOOK 


For the person undertaking the study of a branch of science such as Chemistry, two skills 
are essential. He must be able to read with comprehension and he must be able to compute math- 
ematical quantities. То “make Chemistry simple,” an effort has been made to keep the essen- 
tial skills of the reader in mind, and to offset to the maximum the burden they impose on the 
reader. 

The gaining of knowledge through reading is dependent upon one’s ability to understand the 
meaning of both individual words and a sequence or flow of words. To help the reader with 
the first facet of this problem, words of specia] chemical meaning have been emphasized in the 
text and carefully defined, either in a special sentence or by context, when they first appear. As 
further assistance, a glossary of chemical terms is included in the Appendix. Nevertheless, it is 
highly recommended that the reader take the time to understand the meaning of new words as 
they appear. 

As to the flow of words, every effort has been made to keep the phraseology and style as sim- 
ple as possible. Ultimately an author must describe a fact or an idea in a single set of words. 
Then he can only hope that his message is understandable to the reader. 

Arithmetic, it is rumored, is considered by some people to be mean, horrible and terrifying. 
Please don’t feel that way about it. When used properly, arithmetic can be a powerful tool to 
help one understand the behavior of Nature. Note particularly that arithmetic is not to be an 
end in itself, but only a means to an end, namely the learning of Chemistry. 

To reduce the computational burden on the reader, all numerical applications in the text have 
been worked out in detail. Several problem sets have been included to give the reader an oppor- 
tunity to try his computational skill, but in each case these problems too have been worked out in 
detail in the Answer Section. Essentially, all that 15 required of the reader is that he be able to 
follow the numerical discussion. 

It was felt that to omit arithmetic would have been unfair to the reader, for Chemistry is a 
quantitative science. Its omission would have produced a grossly distorted view of elementary 
Chemistry. "Therefore, the numerical applications have been included so that the reader may use 
them in the manner he chooses. 

Read slowly, carefully, thoughtfully. Try the problems. Try the experiments. You will find 
that elementary Chemistry is, indeed, simple. 

Евер C. Hess 
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CHAPTER 1 


INTRODUCTION 


Look about you for a moment. What do you 
see? A painted wall? Is it made of plaster? Or 
glued ply-wood? Or bonded panel board? Is 
there a photograph hanging on it? Or a litho- 
graphed print? Or an oil painting? Do you see 
a glass window, with nylon curtains, and rayon 
drapes? Is that table by the wall varnished, or 
stained, or coated with shellac? Are your chairs 
covered with plastic? What kind of metal is 
that lamp made of? 

Or look at your clothes. What kinds of dyes 
have produced those colors? Are the colors 
"fast"? And what bleach made those garments 
white? What does the shop down the street 
use in cleaning your clothes? Do you use soap 
in your washing machine? Or detergents? Are 
your shoes soled with neolite? Are the heels 
made of synthetic rubber? Do you have a 
plastic raincoat? Or has yours been “treated” 
to make it water-repellent? 

Or look at your kitchen with its porcelain 
fixtures and waxed floor. Is gas burned in your 
range? Or does electricity pass through special 
metals to supply heat for your cooking? Is your 
kitchen table surfaced with enamel? Or plastic? 
Is it set with ceramic dishes? Is your cutlery an 
alloy called sterling silver? Or another alloy 
called stainless steel? Or is it silver-plated? 

As you look about, it rapidly becomes ap- 
parent that practically everything you can see 
is either a product from some chemical indus- 
try, or has in some way been treated by chemi- 
cals. Even the ink and paper of this page are 
chemical products. Much of your food, your 
medicines and drugs are either prepared di- 
rectly in chemical laboratories, or are analyzed 
by chemists for purity and safety. 

As a matter of fact, your body is an astound- 
ing chemical factory. It is so complex that 
chemists have just about started in trying to 
learn and understand the secrets of the many 


strange and wonderful processes that take place 
within it. The body is made up of chemicals 
which grow! What is perhaps just as remark- 
able, some of these chemicals grow just so far 
and then seem to stop. Of course, the growth of 
chemicals is found in all living things, but the 
fundamental difference between things which 
live and things which are inanimate sull awaits 
explanation by men of science. 

It is little wonder that people everywhere, as 
they realize how completely the science of 
chemistry deals with their daily lives, are be- 
coming more curious as to what this branch of 
science is all about. As the products of chemis- 
try become more numerous, people are looking 
for a basis for selecting just the product to suit 
their needs. They want to know why it is that 
one type of paint is suitable for their baby's 
furniure while another may be dangerous. 
They are disturbed by deposits which form in 
their steam iron. They read about and discuss 
civic problems like smoke control. They must 
select a suitable anti-freeze for their cars. They 
are becoming aware that a knowledge of chem- 
istry will help them deal more effectively with 
these problems and hundreds like them which 
come up every day. 


SCIENCE AND CHEMISTRY 


Science is knowledge gained from the study 
of the behavior of Nature. Chemistry is that 
branch of science which deals with the compo- 
sition of all forms of matter and with the 
change of one form of matter into another. It is 
concerned not only with what is and what 
happens in Nature, but also with how changes 
take place. It is this knowledge of how changes 
occur that leads to man's ability to control such 
changes: 

a. Dy imitating them in making greater 

quantities of better products, 
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b. By using them as clues in finding new 
processes and creating new products, 

с. By inhibiting them, at times, in preserving 
useful products. 


THE METHOD OF SCIENCE 


As with all branches of science, chemical 
knowledge is obtained fundamentally by care- 
ful observation of the behavior of Nature. A 
particular natural event is called a phenome- 
non. The chemist, in seeking an understanding 
of how a phenomenon takes place, first uses 
his training and background in making an intel- 
ligent guess as to what really is happening. This 
guess is called a hypothesis. He then under- 
takes a series of experiments in which he per- 
mits the phenomenon to occur over and over 
again under carefully controlled conditions. 
On the basis of these tests he gathers evidence 
which either supports his hypothesis or causes 
him to reject or modify it. When the weight of 
evidence seems to indicate that his hypothesis 
is sound, he then announces his findings as a 
theory. If his theory is subsequently proven to 
be a non-varying performance in Nature, he is 
said to have discovered a natural law. Theories 
and laws are then applied to other phenomena 
to increase understanding of them and to adapt 
them in refining or creating products for man’s 
use. 

In the early days of chemistry it was com- 
mon for one man to carry on this entire process 
alone. The contributions of these early chemusts 
to man’s knowledge and understanding of 
Nature were monumental, and yet, because of 
the limitations of the conditions under which 
they worked, erroneous theories and even false 
laws were generally accepted fora time. As the 
number of skilled men carrying on the work of 
science increased, errors becarne less common 
and knowledge of Nature was rapidly un- 
folded. Today it is much more common for 
teams of skilled chemists to work together on 
a single project, each member contributing to 
the solution of the problem from his own 


special background. The work of these teams 
is called research. Basic research is concerned 
both with the checking and rechecking of ap- 
parently sound theories, and with the persistent 
search for deeper understanding of the behavior 
of Nature. Applied research, on the other 
hand, is concerned with the application of 
scientific knowledge to the development of 
new and better products for consumers. 

It 1s significant that the attitude of scientists 
is that no theory or law represents absolute 
truth. They feel, rather, that each new dis- 
covery has brought man nearer to truth, but 
they are always ready to modify their concept 
of the behavior of Nature should conflicting 
new evidence be uncovered. 

The equation for chemical progress might be 
stated thus: 


Careful observation + Persistent search for 
truth + Intelligent thought = Progress. 


This equation represents the scientific method 
of approaching problems, and has been credited 
with the tremendous growth of science in the 
past two centuries. 

Just as observation is the starting point that 
leads to new scientific discoveries, so it can 
serve as a spring-board for undertaking the 
study of a field of science. It will be suggested 
frequently during the next chapters that you 
try certain things. Don’t hesitate to try them. 
They will be simple and harmless, and they 
may make important contributions to your 
understanding of chemistry. 


MEASUREMENT 


One of the basic features of observation is 
measurement. Modern science simply did not 
exist until man learned to measure precisely 
such quantities as distance, volume, weight, 
temperature, pressure, and time. The invention 
of suitable devices for measuring these quanti- 
ties not only enabled scientists to » gather quanti- 
tative data, but it also permitted the use of 
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mathematical ideas in getting real meaning 
from their observations. 

In the case of chemistry, the invention of the 
balance was a critical development. With it, 
the most fundamental fact of chemistry yet 
uncovered could be demonstrated, namely, that 
all changes in Nature from one form to another 
take place on a definite weight basis. Until this 
was shown, there simply was no science of 
chemustry. 
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THE METRIC SYSTEM 


The metric system of weights and measures 
is used in all scientific work. This is so because: 

1. Its parts are fundamentally related. 
The entire metric system is based upon the 
length of the meter, a bar of special metal 
which is carefully preserved in Paris. This bar 
was intended to be one-tenmillionth of the dis- 
tance from the equator to the north pole. It is 
slightly longer than a yard, actually measuring 


Table I 
The Metric System 


Metric to English 


English to Metric 


LINEAR MEASURE 


1 millimeter (mm.) = 0.03937 inches 


1 centimeter (cm.) = 0.3937 inches 
1 meter (m.) = 39.37 inches 

1 meter (m.) = 3.281 feet 

1 meter (m.) = 1.0936 yards 
1 kilometer (Km.) = 3281 feet 

1 kilometer (Km.) = 0.6214 miles 


lin. = 25.40 mm. 
Idm icin 
1ft. = 30.48 cm. 
1ft. — 0.3048 m. 
1 yd. — 0.9144 m. 
1l mi. = 1609 m. 

1 mi. = 1.609 Km. 


SQUARE MEASURE 


1 sq. cm. = 0.155 sq. in. 
lsq.m. = 10.764 sq. ft. 
1 59. т. = 1.196 sq. yd. 


1 sq. in. = 6.4516 sq. cm. 
1 sq. ft. = 0.0929 sq. m. 
1 sq. yd. — 0.8361 sq. m. 


CUBIC MEASURE 


1 cubic centimeter (cc.) = 0.061 cu. 
= 35.3 cu. ft. 
= 1.308 cu. 


1 cubic meter (c.m.) 
1 cubic meter (c.m.) 


1 cu.in. = 16.387 сс. 
1 cux ft. =®0:0283-с.т! 
1 cu. yd. = 0.7645 c.m. 


in. 


yd. 


CAPACITY 


1 milliliter (ml.) = 0.0338 fluid oz. 
1 liter (D) — 2.1134 liq. pt. 
1 liter (1.) = 1.0567 liq. qt. 
1 liter (1.) = 0.9081 dry qt. 
1 liter (1.) = 0.2642 gal. 


1 fl. oz. - 29.573 ml. 
1 lig. pt. = 0.4732 1. 
1 lig. qt. = 0.94631. 
1 dry qt. = 1.10121. 
ка = 3.78531. 


WEIGHT 


1 gram (g.) 
1 gram (g.) — 0.0353 ounces 
1 kilogram (Kg.) = 2.2046 pounds 


= 15.43 grains (gr.) 


ПЕ 00676 2. 
14, — 70605 e 
1 lb. — 453.6 g. 


1 lb. = 0.4536 Kg. 
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Table II 
Metric Prefixes 
Used With Basic Units: Meter, Liter, Gram 
milli- 0.001 
0.01 
0.1 


centi- 
deci- 
deka- 10 


100 
1000 


hecto- 


kilo- 


39.37 inches. It serves as a standard for measur- 
ing distance, area, and dry volume. 

A cubic centimeter is, for all practical pur- 
poses, the same volume as a milliliter, and a 
thousand milliliters equal one liter, which is the 
standard for liquid measure. A liter is slightly 
larger than a quart, actually being 1.0567 
quarts. 

One milliliter of water at 39.2° F. weighs 
one gram, which is the metric standard for 
weight. A gram is quite small, about 28 grams 
weighing one ounce. A nickel coin weighs 5 
grams. 

Table I gives the important conversion fac- 
tors between the metric system and the English 
system. In studying this table, try to relate the 
various quantities to things you are familiar 
with. For example: Which of your fingernails 
is 1 centimeter wide? 

Where is the palm of your hand 10 centimeters 
wide? Use the Metric-English scale in Figure 1 


to measure these and other familiar objects. It 
may also help you to know that a /4-teaspoon 
measuring spoon holds 0.8 milliliters, and that 
3 aspirin tablets (5 grains each) weigh about 1 
gram. 

2. The Metric System is very simple. As 
with dollars and cents one may change from one 
unit to another simply by moving the decimal 
point. Table II gives the prefixes used in the 
metric system with each of the basic units. 

3. It is international. Just as the behavior 
of Nature is independent of national bounda- 
ries, so science, the study of natural behavior, is 
international in scope. Metric units mean the 
same thing to all people. Our own system of 
English units are defined by law on the basis of 
metric units. 


ON WORKING PROBLEMS 


Chemistry is a quantitative science and much 
of the real meaning of chemistry 1s lost if the 
mathematical relationships are omitted in its 
study. Actually, the mathematics of chemistry 
involves only simple arithmetic: addition, sub- 
traction, muluplication, division, simple pro- 
portion, raising to powers, and taking roots. 
We will see that even these last two operations 
can be simplified. Don't be frightened by num- 
bers. Mathematicians have helped us greatly by 
giving us numbers that are very easy to work 
with. Take, for example, a simple problem in 
multiplication: 


INCHES 


Q ô 2 


Q ( 2 3 % 5 6 


7 8 9 о и 12 


CENTIMETERS 
Fig. 1. 
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47 (Multiplicand) 
29 (Multiplier) 
423 
94 


1363 (Product) 


Notice how each number in the multiplier is 
used with each number in the multiplicand in 
getting the product. Do youremember Roman 
numerals? They were once used throughout 
western civilized countries. Let’s look at the 
same problem.in Roman numerals: 
XLVII 
inem icta 
MCCCLXII 


Roman numerals probably retarded the prog- 
ress of mathematics for centuries. 

You will be shown how to go about solving 
typical chemical problems, T henitwill be sug- 
gested that you try some practice exercises. 
Answers to each problem will be supplied. 
Try them. You will find that they are not too 
difficult, and they may lead to a much better 
understanding of chemistry. 


SAMPLE PROBLEMS 
1. How many inches are there in 15 centi- 
meters? 
SOLUTION: In Table I we find that 1 cm. = 0.3937 
in, Therefore: І 
15 cht. X 0.3937 = = 5.9055 in, 


Notice that the units must cancel out properly 
leaving the same units on each side of the equal 
sign. 

2. Express 1273 grams in terms of each of the 


prefixes in Table II. 
SOLUTION: . 
1,273,000 milligrams (mg. 
127,300.0 centigrams — (cg.) 
12,730.00 decigrams — (dg.) 
1,273.000 | grams (g.) 
127.3000 аекартатѕ (Dg.) 
12.73000 hectograms (Hg.) 
1.273000 kilograms (Ке.) 


мфу р wp р 


о 


Notice that in moving in either direction, up or 
down, the decimal point is changed one place 
for each change in prefix. This is also true if 
meters or liters replace grams, 


. Express 9255 square meters in terms of 


each of the prefixes in Table II. 


SOLUTION: 


9,255,000,000 square millimeters 
92,550,000 square centimeters 
925,500 square decimeters 
9,255 Square meters 
92.55 square dekameters 
0.9255 square hectometers 


0.009255 square kilometers 
Notice that in working with square measure, the 
decimal point is moved two places for each 
change in prefix, “thos a 


. Express 625 cubic meters in terms of each 


of the prefixes in Table II. 
SOLUTION: 
625,000,000,000 cubic millimeters 
625,000,000 cubic centimeters 
625,000 cubic decimeters 
625 cubic meters 
- 0.625 cubic dekameters 
0.000625 cubic hectometers 


0.000000625 cubic kilometers 


Notice that in working with cubic measure, the 
decimal point is moved three places for each 
change in prefix, 
Problem Set №. 1. 
How many milliliters are there in 3 fluid ounces? 
Convert 1 pound 3 ounces to kilograms. 
Convert 528 square inches to square meters. 
Convert 22,400 cubic centimeters to cubic feet. 
Convert 250 grams to ounces. 


' Convert 25 square yards to square centimeters. 


How many liters are there in 1 measuring cup 
(8 fluid oz.)? 

How many milliliters are there in 1 tablespoon 
measure (1 tablespoon =3 teaspoons = 1/16 
cup = 1/2 fluid ounce)? 

A gasoline tank has a capacity of 18 gallons. 
Express this capacity in liters, 


‚ Assuming the dimensions of this book to be 8.5 


in. X 11 in. X 0.625 in., find the volume of this 
book in cubic decimeters. 


CHAPTER 2 


MATTER 


Strike a match. Any kind of match will do. 
Watch it carefully. What do you see? What 
did you hear? What did you smell? What do 
you feel? Blow it out. Did it go out com- 
pletely? Try it again, this time holding the 
match їп а horizontal position. Notice the shape 
of the flame. Do you see the liquid creeping 
just ahead of the flame? Light a wooden tooth- 
pick with the match, and then blow them both 
out. Blow harder on the toothpick. Blow it 
again. What happens? Do you have any evi- 
dence that match manufacturers are safety 
conscious? What differences in the properties 
of the match before and after burning can you 
find? Can the charred remnants of the match 
still be called a match? 

A tremendous amount of chemistry has been 
illustrated by the phenomena which you have 
just observed. You will notice that in making 
observations we use not only our eyes, but also 
our other senses. The more senses we can em- 
ploy in observation, the more thorough will 
be our findings. We will use these observations 
in becoming acquainted with some of the fun- 
damental terms and ideas of chemistry. The 
observations will help us visualize chemical 
ideas and give meaning to the explanation of 
other phenomena of Nature. 


PROPERTIES OF MATTER 


We distinguish one form of matter from 
another by its properties. When you were 
asked to handle the match and the toothpick, 
you knew just what was meant because you 
were familiar in a general way with the proper- 
ties of those objects. You are aware, of course, 
that a wooden match has more properties in 
common with a toothpick than a paper match. 
The wood gives the two objects a common sub- 
stance. A substance is a definite variety of mat- 
ter, all specimens of which have the same prop- 


erties. Aluminum, iron, rust, salt, and sugar 
are all examples of substances. Notice that they 
are all homogeneous, or uniform in their make- 
up. Granite or concrete cannot be called sub- 
stances because they are not homogeneous. 
They are made up of several different sub- 
stances. 

Substances have two major classes of prop- 
erties: physical and chemical. Physical prop- 
erties describe a substance as it is. Chemical 
properties describe the ability of a substance 
to change into a new and completely different 
substance. 


PHYSICAL PROPERTIES 


Substances have two kinds of physical prop- 
erties: specific and accidental. Specific physi- 
cal properties include those features which 
definitely distinguish one substance from an- 
other. Some of the important specific physical 
properties are: 

1. Density—the weight of a unit volume of 
а substance. This is usually expressed as g./cc. in 
the metric system, or lbs./cu. ft. in the English 
system. Since 1 cc. of water weighs 1g., its 
density is 1 g./cc. A cubic foot of water weighs 
62.4 lbs. The density of water in the English 
system is 62.4 lbs,/cu. ft. Multiplying a metric 
density by 62.4 gives the English density of the 
substance. Table III lists densities of some com- 
mon substances. 

2. Specific Gravity—The ratio of the 
weight of a given volume of a substance to the 
weight of the same volume of water at the same 
temperature. Since 1 cc. of water weighs 1 g., 
specific gravity is numerically equal to the 
metric density of a substance. Both density and 
specific gravity have to do with the “lightness” 

r “heaviness” of a substance. Aluminum is 
“lighter” than lead. Water is "lighter" than 
mercury. Density is used more with solids, 
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Table Ш 
Density of Substances 
Substance £/ co. lbs./cu. ft. 
Aluminum 207 168.5 
Brass 8.6 536.6 
Copper 8.9 555.4 
Cork 0.22 13.7 
Diamond 3.5 218.4 
Gold 19.3 1204.3 
Ice 0.917 $42 
Iron 7.9 493.2 
Lead 11.3 ПОЕ 
Magnesium 1.74 108.6 
Mercury 13.6 849.0 
Rust 4.5 280.8 
Salt 2.18 136.0 
Sugar 1.59 99.0 
Steel 7.83 488.8 
Sulfur 2.0 124.9 
Water, fresh 1.0 62.4 
Water, sea 1.025 64.0 
Zinc 7.1 443.0 


while specific gravity is used more with liquids 
or solutions (acid in the battery of your car, or 
alcohol or glycol in the radiator of your car). 

9. Hardness—Ability of the substance to 
resist scratching. A substance will scratch any 
other substance which is softer. The MOH 
Hardness Scale is used as a basis for compar- 
ing the hardness of substances. This scale is 
made up of various minerals of different hard- 
ness (Table IV), but since so few of these min- 
erals are commonly known, Table IV also gives 
the approximate hardness of some familiar sub- 
stances. Low hardness numbers indicate soft 
substances, and the higher the number, the 
harder the substance. 

4. Odor. Many substances have characteris- 
tic odors. Some have pleasant odors, like methyl 
salicylate (oil of wintergreen) ; some have pun- 
gent odors, like ammonia or sulfur dioxide (a 
gas which forms when the head of a match 


burns); some have disagreeable odors, like hy- 
drogen sulfide (a gas which forms in rotten 
eggs). | 

5. Color. You are familiar with the color of 
such substances as gold or copper. White sub- 
stances are usually described as colorless. 

Normally it takes a combination of several 
specific physical propertities to identify a given 
substance. A single property identifies a sub- 
stance only if the property is unique in Na- 
ture. Thus, hardness serves to identify the dia- 
mond because diamond is the hardest known 
substance. The color of gold, however, is not 
unique as many prospectors unfortunately 
found out. Their “strike” of “fool’s gold” 
looked like gold, but turned out to be pyrite, a 
far less valuable substance also known as iron 
sulfide. 

Accidental physical properties are such 
features as weight, dimensions, and volume. 
They have nothing to do with the nature of the 
substance, but they enable us to find out how 
much of a given substance we have. Objects, 
particularly manufactured objects, may possess 
similar accidental properties, but these are in 
no way fundamentally related to the substances 
which make up the objects. Thus, matches and 
toothpicks are objects. Each is made according 
to a pattern of accidental properties. But tooth- 


Table IV 

Hardness 
MOH Scale Other Substances 
Tale 1 Graphite 0.7 
Gypsum 2 Asphalt 1.3 
Calcite 3 Fingernail 1.5 
Fluorite 2 Rock Salt 2.0 
Apatite 5 Aluminum 2.6 
Feldspar 6 Copper 2.8 
Quartz 7 Brass 3.5 
Topaz 8 Knife Blade 5.4 
Corundum 9 File 6.2 
Diamond 10 Glass 6.5 
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picks may be made of wood or of plastic, two 
completely different substances with totally 
different specific physical properties. 
CHEMICAL PROPERTIES 

The chemical properties of a substance de- 
scribe its ability to form new substances under 
given conditions. A change from one substance 
to another is called a chemical change, or a 
chemical reaction. Hence, the chemical prop- 
erties of a substance may be considered to be a 
listing of all the chemical reactions of a sub- 
stance and the conditions under which the re- 
actions occur. 

In the striking of a match, several chemical 
properties of the substances in a match are il- 


lustrated. Examine Figure 2 carefully. No-- 


"STRIKE. ANYWHERE? 


Fig. 2. 


"SAFETY" MATCH 


tice the various substances present in each 
type of match. When you strike a “safety” 
match, the heat of friction of the head of the 
match rubbing on the glass is sufficient to cause 
the phosphorus on the scratching area to burn. 
This then generates enough heat to cause the 
substances in the head of the match to ignite. 
The burning of these, in turn, produces the 
heat necessary for the match-stick to catch 
fire. Notice that all of these substances burn 
(chemical property) but each does so at suc- 
cessively higher temperatures (conditions). 
None of the substances burns at room tempera- 
ture! Since the phosphorus is contained only 
on the scratching area of the box or cover of 
the matches, they can be “struck” only on this 
area. (Occasionally safety matches can be 
struck on glass or linoleum where rubbing pro- 
duces sufficient heat to cause the head to start 
burning.) 


The phosphorus trisulfide in the tip of the 
“strike anywhere” match is very sensitive to 
heat. Rubbing this tip on almost any moder- 
ately hard surface will produce sufficient fric- 
tional heat to cause this substance to burn. The 
other substances in the tip, and finally the 
match-stick are then ignited as the temperature 
rises. White phosphorus was formerly used in 
the tip of this type of match. This substance 
likewise bursts into flame at temperatures 
slightly above room temperature. However, 
the men who worked with white phosphorus 
and inhaled its fumes contracted a disease 
known as "phossy jaw” which caused their jaw 
bones to rot. When laws were passed prohibit- 
ing the use of white phosphorus, the company 
owning the patents on phosphorus trisulfide 
voluntarily opened them to free public use. 

The charred remnants of the match-stick 
and toothpick consist principally of carbon, 
one of the new substances formed when wood 
or paper burn. The “after-glow” you observed 
in the toothpick is a chemical property of car- 
bon. You have seen the same phenomenon in a 
charcoal fire. The match-stick exhibited no 
after-glow because it had been treated with a 
solution of a fire-retardant substance which 
soaked into the wood. Borax was formerly used 
for this purpose, but ammonium phosphate is 
generally considered to be more effective for 
this purpose and is now widely used, not only 
in match-sticks, but also in drapes, tapestries, 
and other types of decorations. 


KINDS OF MATTER 


As you look at the different objects about 
you, you are perhaps impressed by the almost 
endless variety of matter. Classification of the 
kinds of matter into fundamental groups was an 
impossible task until chemists began to probe 
into the composition of matter. Knowledge 
of composition quickly led to the discovery 
that all matter is made up of either pure sub- 
stances or mixtures of pure substances. Sub- 
stances, in turn, are of two types, either ele- 
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ALL MATTER 
SUBSTANCES 
MIXTURES 


Fig. 3. 


COMPOUNDS 
ELEMENTS 


ments or compounds. Figure 3 diagrammati- 
cally shows the kinds of matter on the basis of 
composition. 


ELEMENTS 


Elements are the basic constituents of all 
matter. An element is the simplest form of 
matter. It cannot be formed from simpler sub- 
stances, nor can it be decomposed into simpler 
varieties of matter. Some elements exist free in 
Nature; others are found only in combination. 
Free or combined, they are the building 
blocks which make up every different variety 
of matter in the universe. Table V 15а list of 
the more commonly known elements together 
with their chemical symbols. 

How many of these have you seen? How 
many of them have you heard of? A complete 
list of the 102 elements known at this time is 
to be found on page 26. Nuclear scientists 


Table V 

Element Symbol Element Symbol 
Aluminum Al Neon Ne 
Argon A Nickel Ni 
Arsenic As Nitrogen N 
Bromine Br Oxygen О 
Calcium Ca Phosphorus P 
Carbon C { 

s Platinum Pt 
Chlorine Cl 3 
С Plutonium Pu 

opper Cu : 

Bienne Е Potassium K 
Gold Au Radium Ra 
Helium He Silicon Si 
Hydrogen H Silver Ag 
Iodine I Sodium Na 
Iron Fe Sulfur S 
Lead Pb Tin Sn 
Magnesium Mg Uranium U 
Mercury Hg Zinc Zn 


are of the opinion that this number may pos- 
sibly grow at least to 104 in the near future. 

In general, the symbols are made up of the 
principal letter or letters in the name of the 
element. The symbols of elements known in 
antiquity are taken from their Latin names: 
Copper (Cuprum) Cu; Gold (Aurum) Au; 
Iron (Ferrum) Fe; Lead (Plumbum) Pb; 
Mercury (Hydrargyrum (Hg; Potassium 
(Kalium) K; Silver (Argentum) Ag; Sodium 
(Natrium) Na; Tin (Stannum) Sn. Symbols 
are quite important in chemistry, for we will 
see in the next chapter that they represent 
more than merely the name of an element. 

If all matter were to be broken down into 
the elements which form it, the percentage of 
each element in Nature would be as shown in 
Figure 4. 


ALUMINUM 
7.3% 


IRON 4.1% 

CALCIUM 3.2% 

SODIUM 2.3% 

POTASSIUM 2.3% 
MAGNESIUM 2.1% 

ALL OTHER ELEMENTS 2.8% 


SILICON 


OXYGEN 
49.9% 


DISTRIBUTION OF ELEMENTS 
Fig. 4. 


The elements in your body can easily be re- 
membered from the advertising sign shown in 
Figure 5. The symbols of the most common 
body elements are contained in it. Use ‘Table 
V to look up the names of the twelve elements 
represented in the figure. The last two symbols 
in the sign, NaCl, stand for ordinary table salt. 


COMPOUNDS 


A compound isa pure substance made up of 
elements which are chemically combined. 
They are perfectly homogeneous and have a 
definite composition regardless of origin, loca- 
tion, size, or shape. A compound can be decom- 
posed into its elements only by some type of 
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C HOPKINS 
Ca Fe 


A good place to eat. 


(Take it with a grain 
of Na С/.) 


chemical change. The elements cannot be 
separated in a compound by any physical 
means. 

Compounds are much more abundant than 
elements. Many thousands of compounds are 
known. Water, sand, rust, ammonia, sugar, salt, 
alcohol, and benzene are all examples of familiar 
compounds. It is important to bear in mind that 
when elements combine to form compounds, 
the elements lose all of their properties, and a 
new set of properties unique to the compound 
are created. For example, if you were to eat any 
sodium or inhale any chlorine, you would 
quickly die, for both of these elements are 
poisonous. But when these two elements com- 
bine, they form a compound called sodium 
chloride, which is ordinary table salt, a sub- 
stance we must eat as part of our regular diet to 
maintain good health. 


MIXTURES 


Most natural forms of matter are mixtures of 
pure substances. A mixture is a combination of 
substances held together by physical rather 
than chemical means. Soil and most rock, plants 
and animals, coal and oil, air and cooking gas, 
rivers and oceans, these are all mixtures. Mix- 
tures differ from compounds in the following 
ways: 

The ingredients of a mixture retain their 
own properties. If you examine a fragment of 
concrete you will observe that the grains of 


sand or gravel held together by the cement re- 
tain their identity and can be picked free. Their 
substance has not been changed in the forma- 
tion of the concrete. 

Unlike compounds which have a definite, 
fixed composition, mixtures have widely 
varying composition. Thus, solutions are 
mixtures. An infinite number of different salt 
water solutions can be made simply by varying 
the amount of salt dissolved in the water. 

Mixtures can be separated into their in- 
gredients by physical means, that is, by tak- 
ing advantage of the differences in the physical 
properties of the ingredients. No matter how 
completely you mix or grind salt and pepper to- 
gether, the salt can be separated from the pepper 
by dissolving it in water. The insoluble pepper 
will remain unaffected. The separation is com- 
pleted by straining or filtering the liquid 
through a piece of cloth which will retain the 
pepper, and then evaporating the liquid (fil- 
trate) to dryness to recrystallize the salt. 

Perhaps you would like to try this separation 
for yourself. Read the following procedure 
fully and gather your materials before you 
start. Then proceed with the experiment. 


EXPERIMENT 1: Mix a quarter teaspoon of salt and 
about half that much pepper (ground black) in a 
small drinking glass. Stir until a good mixture is ob- 
tained. Add about a half glass of water and stir until 
the salt is dissolved. Piace a handkerchief or small 
piece of cloth loosely over the top of a small sauce 
pan. Filter the liquid into the pan. Notice that all the 
pepper remains on the cloth and that the salt solution 
in the pan is perfectly clear. Taste the clear filtrate to 
see if the salt is really there. Over a very low heat boil 
away the water in the pan. Be sure to remove the pan 
just as the last bit of liquid disappears. The white 
sediment is the recrystallized salt. Taste it to make 
sure. 


The separation of mixtures into ingredients 
is an important operation. Almost every indus- 
try that uses natural products as raw materials 
employs one or more of the basic methods of 
separating mixtures. All of the methods take 
advantage of differences in physical properties 
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of the ingredients. Some of the important sugar? Which is more volatile, water or sugar? Re- 


methods of separating mixtures are: 

Sorting. This involves a selection of the 
desired ingredient from the waste product in 
a fragmented mixture. It may be done by 
hand or by machine. The mining of coal is an 
example of this process. Here the coal is 
blasted loose from the inside of the earth and 
is then separated by sorting from the rock 
which accompanies the coal. 

Magnetic Separation. Some iron ore is 
magnetic. This ore is scooped up in giant 
shovels from the earth, crushed, and poured 
on to a magnetized belt as shown in Figure 6. 
The non-magnetic waste material drops off 
the belt at A, but the magnetic ore clings to 
the belt until it reaches B, and is thus separated. 


CRUSHED 
dis ORE 
MAGNETIZEO 


YY BUT 


АД Pas Я Е ГИМ 
WASTE MAGNETIC ORE 


Fig. 6. 


Distillation. This process takes advantage 
of the difference in temperature of boiling 
(boiling point) between the ingredients of a 
solution. The ingredient with the lowest boil- 
ing point boils away first, leaving the higher 
boiling residue behind. The low boiling in- 
gredient is said to be more volatile than the 
residue. The ingredient which boils off as a 
gas is then condensed back to a liquid by cool- 
ing and is collected in a new container. 


ExPERIMENT 2: Dissolve a teaspoon of sugar in a cup 
of water and place the solution in a tea kettle. Taste 
the solution to be sure it is sweet. Heat the solution 
to boiling. Hold a large plate vertically with the far 
edge just in front of the spout of the kettle so that 
the steam strikes it. (See Fig. 7.) Let the condensed 
moisture (condensate) run down the plate into a 
cup. Taste the condensate. Is it sweet? Where is the 


o 
move the kettle from the burner before the solution 


boils completely to dryness. 


PERMIT STEAM 
TO 
STRIKE PLATE 


Fig. 7. 


Simple distillation effectively separates 
water and sugar because the boiling points of 
these two substances are relatively far apart. 
When the boiling points of ingredients to be 
separated are close together, a process known 
as fractional distillation is used. In this proc- 
ess, a large tower or column is erected above 
the boiling pot and fitted with cooling coils, or 
a cooling jacket (See Fig. 8). This provides 
efficient condensation of the less volatile in- 
„— THERMOMETER 


TO 
CONDENSER 


a. 


COOLING 
JACKET 


BAFFLES 


COOLANT 


BOILING 


4—7 рот“ 


Fig. 8. Fractional Distillation Column 


gredient and permits the more volatile one 
to escape to a new container. The separation 
of crude petroleum into such products as 
gasoline, lubricating oil, and fuel oil is accom- 
plished by fractional distillation of the petro- 
leum. 

Extraction. The process of extraction in- 
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volves the dissolving out of an ingredient from 
a mixture with a suitable solvent. Water was 
the solvent used to extract salt from the salt and 
pepper mixture in Experiment 1. Water is also 
used to extract the flavor of coffee from ground 
coffee beans in your coffee maker. Alcohol 1s 
used to extract vanillin, vanilla flavor, from 
vanilla beans. Other solvents like benzene, car- 
bon tetrachloride, ether, and acetone are used 
to extract stains from your clothing. 

Gravitation. This process takes advantage 
of differences in density or specific gravity of 
the ingredients in a mixture. In the panning of 
gold, the gold grains settled to the bottom of 
the pan because of their high density, and the 
lighter rocks were washed over the edge of the 
pan with water. In wheat harvesung, the light 
chaff is blown away from the denser wheat 
grains. The cleansing action of soap is also based 
upon this process. Soap bubbles surround the 
dense dirt particles on your skin or clothing and 
float the particles away. 


PHYSICAL CHANGE 


A physical change involves the alteration of 
the properties of a substance without affecting 
the substance itself. Hammering a piece of 
metal will modify its shape and increase its 
hardness, but the substance of the metal will 
remain unchanged. Freezing water to ice or 
boiling it to steam causes a thorough change in 
physical properties, but the substance remains 
water. 

CHEMICAL CHANGE 


Chemical change involves such a thorough 
change in a substance that an entirely new sub- 
stance is formed in the process. The new sub- 
stance created has its own set of properties, so 
physical change accompanies chemical change. 
Do you remember how completely the match 
was transformed as it burned? That was a 
chemical change. All burning involves chemi- 
cal change. So does the rusting of iron, the 
toasting of bread, the drying of ink, the taking 
of a photograph, and the digestion of food. 


Chemical change is a common occurrence. 

There are four principal types of chemical 
change: combination, decomposition, replace- 
ment, and double displacement. All chemical 
changes involve one or a combination of these 
basic varieties. Let us examine each type more 
carefully. 

1. Combination. Combination is the direct 
joining of two or more simple substances, either 
elements or simple compounds, to form a more 
complex compound. For example, copper will 
join with oxygen in the air when heated to form 
a compound, copper oxide. 


EXPERIMENT 3: Remove about 2 inches of insulation 
from a 6-inch length of copper wire. Clean the ex- 
posed metal with sandpaper to a bright copper color. 
Heat the copper to redness in the upper part of a gas 
flame for about one minute. Permit the wire to cool. 
Notice the black coating on the copper. This is cop- 
per oxide. Scrape it off with a knife. This exposes 
copper metal once more as indicated by the color. 
Repeat this experiment until you are satisfied that 
the copper is really oxidizing in the flame. 


The reaction involved in Experiment 3 can be 
stated in words thus: 


Copper 
An element 


* Copper oxide 
A compound of the 
two elements 


+ Oxygen = 
An element 


2. Decomposition. Decomposition is the 
breaking down of a compound into simpler 
compounds or into its elements. For example, 
hydrogen peroxide decomposes in strong light 
or on contact with skin or other living tissue. 
Hydrogen peroxide is a compound of hydro- 
gen and oxygen. It decomposes into water, a 
simpler compound of hydrogen and oxygen, 
and into oxygen, an element. 


EXPERIMENT 4: Pour a small amount of hydrogen 
peroxide solution into the palm of your hand. Watch 


* The equal sign (=) indicates that the substances on the 
left are transformed into the substance on the right during 
chemical change. As we will see later, the total weight of 
substances combining on the left must precisely equal the 
total weight of products formed on the right. The equal 
sign emphasizes this quantitative nature of the science of 
chemistry. Furthermore, many chemical changes are revers- 
ible, which means that the substances on the right can be in- 
duced to re-form the substances ш the left. 
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the solution closely. The bubbles which form are 
bubbles of oxygen gas. The rest of the peroxide forms 
water. 


The reaction in Experiment 4 may be stated 
thus: 


+ Water 
A compound 


Hydrogen peroxide — Oxygen 
A compound An element 


9. Replacement. Replacement involves the 
substitution of one element for another in a 
compound. For example, if a piece of iron were 
to be dropped into a solution of sulfuric acid 
(the solution present in the battery of your 
car), hydrogen gas would be observed bub- 
bling out of the solution, Sulfuric acid 15 a com- 
pound of hydrogen, sulfur, and oxygen. The 
iron replaces the hydrogen, liberating it as an 
element, and forms a new compound, iron sul- 
fate (iron, sulfur, and oxygen), in solution. 
This reaction may be stated thus: 


Iron т Sulfuric Acid _ 
An element A compound di 
Hydrogen p Iron sulfate 
An element A compound 


4. Double Displacement. In double dis- 
placement reactions, two compounds react to 
form two new compounds by exchanging 
parts. To observe a reaction of this type we 
need a special solution. Let us make it first. 


EXPERIMENT 5: Phenolphthalein is the active ingre- 
dient of many common laxatives. It can be extracted 
from them as follows. Crack and peel off the sugar 
coating from two Feen-a-mint* tablets, taking care 
to disturb as little as possible the yellow powder just 
under the coating. Place the two tablets in a small 
cup and add one tablespoon of rubbing alcohol. Stir 
until the yellow phenolphthalein is dissolved from 
the gum, forming a pale yellow solution. 


Keep this phenolphthalein solution in a stop- 
pered bottle. An old well-rinsed nose-drop 
bottle would be excellent. We will use this 
solution several times. Phenolphthalein has the 
property of turning red in solutions of alkalis, 
but is colorless in acid solutions. An alkali is 


* Trade Name. 


a compound which is the opposite of an acid. 
An alkali neutralizes an acid to water and salt 
solution. Such a reaction is a double displace- 
ment type. Let us observe one. 

EXPERIMENT 6: Dissolve a few crystals of lye (sodium 
hydroxide) in one quarter cup of water. Add 2 or 3 
drops of phenolphthalein solution prepared in Ex- 
periment 5. The red color shows that sodium hy- 
droxide is an alkali. Add vinegar (acetic acid) drop 
by drop with stirring to the sodium hydroxide solu- 
tion. When the phenolphthalein becomes colorless, 
the reaction is completed. 


All of the substances involved in the reaction 
in Experiment 6 are compounds. The reaction 
may be stated thus: 


Sodium Acetic Sodium Jan was 
Hydroxide Acid Acetate 3 
An alkali Anacid A salt 


In every chemical change, energy is either 
given off or absorbed. Energy 15 the ability to 
do work. Heat, light, sound, and electricity are 
some of the many forms of energy. Fuel oil 
burns to produce heat. Magnesium burns in a 
flash bulb to produce light. Dynamite explodes 
to produce sound and shock. On the other hand, 
water decomposes into its elements, hydrogen 
and oxygen, by absorbing electrical energy. A 
photograph is made by the absorption of light 
by the chemicals in the film. 

It is important not to confuse the energy 
change in a reaction with the conditions under 
which a reaction occurs. Wood burns to pro- 
duce heat, but not at room temperature. The 
wood must first be heated to a point consider- 
ably above room temperature before it will 
begin to burn. The high initial temperature isa 
condition under which the reaction of burning 
takes place. The production of heat by burning 
wood is a result of the reaction itself. 

Many reactions take place only in the pres- 
ence of a catalyst. A catalyst is a substance 
which alters the speed or rate of a chemical 
without becoming permanently changed itself. 
A catalyst which speeds up a reaction is called 
a negative catalyst. Water is a catalyst for 
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many reactions. Perfectly dry iron will not 
rust in dry air. Dry crystals of acetic acid will 
not react as in Experiment 6 with dry crystals 
of sodium hydroxide. 


EXPERIMENT 7: With a match, try to burn a cube of 
sugar. Notice that the sugar melts but does not burn. 
Dip the other end of the sugar cube into some ciga- 
rette or cigar ashes. Bear in mind that these ashes have 
already been burned! Apply a flame to the ash- 
covered end of the cube. It now burns because of the 
presence of a catalyst. 


SAMPLE PROBLEMS 


1. How much would 400 cc. of mercury 
weigh? 


SoLuTION: From Table III: density of mercury 
15 13.6.6. Acc. 


Therefore: 
400 cc. X 13.6 g./cc. = 5440 g. 


2. A solution has a specific gravity of 1.20. 
How many cc. would 10 g. of this solution 
occupy? 


SoLUTION: A specific gravity of 1.20 —a density 


оар двой 
Therefore: 
llic. € 
1.20 g./cc. = GBIC 


Problem Set No. 2 


1. Which of the following physical properties of 
water are specific and which are accidental? 
(a) Water freezes at 32° F. 
(b) A sample of spring water has a temperature 
of 46° Е. 
(c) Water dissolves in alcohol. 

2. A sample of aluminum weighs 5.4 g. What is its 
volume? 

3. How many cc. of cork would weigh the same as 
1 cc. of gold? 

4. The acid in a car battery has a specific gravity of 
1.28 when the battery is fully charged. How much 
would 1 cubic foot of this acid solution weigh? 

5. (a) Which substances in Table III would float on 

Water? 


(b) Which substances in 'Table III would sink in 
mercury? 
6. Name the body elements listed in Figure 5. 
7. Which of the following are mixtures and which 
are substances? 
(a) Ocean water. 
(b) A snowflake. 
(c) Ink. 
(d) Paint. 
(e) Sugar. 
8. Which of the following are physical changes and 
which are chemical changes? 
(a) Snow melting. 
(b) Milk souring. 
(c) Sodium bicarbonate neutralizing an “acid” 
stomach. 
(d) Gas bubbling out of ginger ale. 
(e) The disappearance of sugar when it dis- 
solves in water. 
9. Which type of chemical change is illustrated by 
the following? 
(a) The rusting of iron. 
(b) The explosion of dynamite. 
(c) Acid "eating" a piece of zinc. 
(d) Boric acid or vinegar solutions “treating” 
a lye burn on the skin. 
10. What was the catalyst which aided the decom- 
position of hydrogen peroxide in Experiment 4? 
(Where did the bubbles of oxygen form first?) 


SUMMARY 


Matter is anything that has weight and oc- 
cupies space. It has both chemical and physi- 
cal properties. 

Physical properties describe matter as it is. 
Chemical properties describe the ability of a 
form of matter to change to new substances. 

Matter is made up of elements, compounds, 
and mixtures. 

Physical change involves modification of 
properties without changing the substance. 
Chemical change involves forming new sub- 
stances. 

Energy 
changes. 

Catalysts change the speed of a chemical 
reaction. 


changes accompany chemical 


CHAPTER 3 


STRUCTURE OF MATTER 


We have seen that chemical change involves 
a complete transformation of one substance in- 
to another. Early chemists reasoned that such a 
thorough change must in some way be related 
to the way matter is constructed. They sought 
to find out the nature of the building blocks 
which made up the different varieties of matter. 
They hoped that once they could create some 
sort of "model" of the fundamental particles 
of matter, they could then explain not only the 
various ways that matter was constructed, but 
also the behavior of substances during the proc- 
ess of chemical change. 

As early as 450 в.с. the Greek philosophers 
reasoned that all matter was built up of tiny 
particles called atoms. Development of this 
idea was slow, but in 1802 DALTON suggested 
that all matter could be broken down into ele- 
ments, the smallest particles of which he re- 
ferred to as atoms. By 1895, the theory that 
atoms existed was extended to account for 
particles of matter even smaller than atoms. By 
1913, evidence of the presence of several sub- 
atomic particles had been gathered. The work 
of probing into the structure of matter con- 
tinues at the present moment. We have not yet 
learned the full story, and many features of the 
behavior of matter are still unexplained. There 
is much room in the field of science for young 
people with talent. 

From a chemical point of view an atomic 
model has been developed which is quite satis- 
factory. We will use it to explain all common 
phenomena. We will also look at some of its 
weaker points in order to show that science is 
not cut and dried, but rather is constantly 
changing as men of science progress toward a 
better understanding of Nature. 


ATOMS 


piece of copper (elements) and subdivide them 
into smaller and smaller pieces, we would 
eventually come to a tiny particle which, if 
further subdivided, would no longer show the 
properties of the element. We call them the 
smallest particle of an element which has all the 
properties of the element an atom. Atoms are 
really quite small, too small to be seen with the 
most powerful microscope yet developed. It 
would take about 100 million atoms to make a 
line one inch long. You can thus see that a one 
inch cube would contain a fantastic number of 
atoms. The important thing is that atoms are 
both small and numerous. 


ATOMIC STRUCTURE 


In 1913 NEILS BOHR, a Danish scientist, sug- 
gested an atomic model which serves chemists 
well to the present day. He pictured the atom 
as consisting of three basic kinds of particles: 
electrons, protons, and neutrons. The elec- 
tron is a particle possessing a negative (—) 
electrical charge. The proton is a particle con- 
sisting of a positive (+) electrical charge equal 
in magnitude (but opposite in type) to the 


Table VI 
Charge 


Particle 


Electron —1 
Proton +1 
Neutron 0 


charge on the electron. The neutron isa particle 
with no electrical charge. The proton and neu- 
tron have essentially the same weight. A weight 
of one unit has been assigned to each. The elec- 
tron is much smaller, weighing about 1/1848 
times as much as either of the other two. From 


If we were to take a strip of aluminum or a | a chemical point of view, we can consider the 
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weight of the electron to be zero. Table VI 
summarizes the properties of these three parti- 
cles which make up an atom. 

In the Bohr model of the atom, protons and 
neutrons are considered to be packed together 
in the center of the atom to form what is known 
as the nucleus. Electrons travel about this 
nucleus in orbits which are at relatively large 
distances from the nucleus. The average nu- 
cleus occupies about one-ten thousandth of the 
total volume of an atom. The situation is quite 
similar to the planets revolving about the sun in 
our solar system. 

At this point, three important characteristics 
ef atoms can be stated: 

1. Despite the presence of electrically 
charged particles in atoms, all elements are ob- 
served to be electrically neutral. Therefore, the 
number of positive protons in the nucleus of an 
atom must be equal to the number of electrons 
surrounding the nucleus. 

2. Since elements differ from one another, 
their atoms must differ structurally. Each ele- 
ment has an atomic number. The atomic num- 
ber is more than just a catalog number. It is a 
special characteristic of each element. In the 
Bohr model, the atomic number is equal to the 
number of electrons revolving about the nu- 
cleus of the atom. Thus, each atom of hydrogen 
(atomic number 1) has a single electron spin- 
ning about the hydrogen nucleus. Each atom 
of uranium (atomic number 92) has 92 elec- 
trons spinning about the uranium nucleus. Since 
atoms are electrically neutral, the atomic num- 
ber also equals the number of protons present 
in the nucleus of an atom. 


3. Equal numbers of atoms of different ele- 
ments weighed under the same conditions have 
a different weight. Therefore, the atoms of dif- 
ferent elements have different atomic weights. 
The atomic weight of an atom is equal to the 
sum of the number of protons and the number 
of neutrons in the nucleus of the atom. Thus, 
all of the weight of an atom comes from its 
nucleus. Atomic weights are relative, which is 
to say they do not give the number of grams or 
pounds that an atom weighs, but they merely 
tell how much heavier or lighter an atom of one 
element is than another. For example, the 
atomic weight of oxygen is 16 and the atomic 
weight of helium is 4. This means that each 
atom of oxygen weighs 16/4, or 4 times as 
much as each atom of helium. 

These three atomic characteristics are sum- 
marized in Table VII. 

It may be well to pause here to see how our 
atomic model is shaping up. Can you visualize 
a nugget or kernel like a popcorn ball with uny 
specks of dust spinning round and round it? 
Perhaps the popcorn ball also has peanuts in it, 
giving it two different kinds of particles. We 
can think of the popcorn as protons and the 
peanuts as neutrons, all tightly held together 
in the nucleus. The specks of dust spinning 
around would be the electrons, equal in number 
to the pieces of popcorn. The specks of dust 
would contribute practically nothing to the 
total weight of our imaginary atom. A model 
of hydrogen would consist of a single piece of 
popcorn with a single speck of dust spinning 
around it. A uranium model would contain 
quite a lot of popcorn (92 pieces) and many 


Table VII 


Characteristic 


Neutral atoms 
Atomic Number 
Atomic Weight 


Structural Explanation 


Number of electrons = Number of protons 
Number of electrons = Number of protons — atomic number 
Number of protons + Number of neutrons — atomic weight 
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peanuts (146). It would also be quite dusty 
(92 specks). The sum of the particles in the 
uranium nucleus is 238, which is the atomic 
weight of uranium. Figure 9 gives us another 
picture of our model. 


9 


HYDROGEN 


DISTRIBUTION OF ELECTRONS 


Our model of an atom is still incomplete. 
The electrons which revolve about the nucleus 
do so according to a definite pattern. Groups 
of electrons maintain definite average distances 
from the nucleus, thereby forming what may 
be called shells of electrons surrounding the 
nucleus. Each shell is capable of containing a 
definite number of electrons, the number in- 
creasing as the distance from the nucleus in- 
creases. The shells are designated by letters— 
k, l, m, n, o, p—starting with the shell nearest 
the nucleus. The k-shell can contain up to 2 


electrons, the l-shell up to 8, the m-shell up to 
18, and the n-shell up to 32. The maximum 
number of electrons in any shell can be calcu- 
lated from the relationship: 


Number = 2 s? (1) 


where: 


Number = maximum number of electrons possible in 
the shell. 
s = the number of theshell (k = 1, = 2,m = 3, etc.). 

The distribution of electrons by shells for the 
atoms of each element is given in Table VIII. 
As you read through this list starting with ele- 
ment number 1, hydrogen, be sure to notice 
the following points: 

1. In the first 18 elements the new electron 
is always added in the outermost shell until the 
shell is filled. Then a new shell is started. 

2. In the higher numbered elements there 
can be 2 or even 3 unfilled shells of electrons. 

3. Eight electrons temporarily fill each of 
the shells beyond the m-shell, and a new shell 
must be started before more electrons can be 


fitted into the temporarily filled shell... 


/ 4, There are never more than 8 electrons | 
in the outermost shell. 


~ On the basis of the distribution of electrons 
we can detect four different structural types 
of atoms in Table VIII. These are: 

1. Inert elements—Those with all shells 
filled. (These are underlined in Table VIII.) 

2. Simple elements— Those with only one 
unfilled shell. 

3. Transition elements— Those with two 
unfilled shells. 

4. Rare earth elements—Those with 
three unfilled shells. 

At first glance, this whole problem of the 
distribution of electrons in our atomic model 
might appear to be quite imposing. Actually it 
is not as hard as it may seem. Remember that 
we want a model which is useful in explaining 
chemical change. Two vitally important points 
are basic in relating chemical change with 
atomic structure. These are: 


At. Shells 
| No. Element k lIl m n o 
| 1 Hydrogen 1 

2 Helium 2 
3 Lithium 2* 10) 

4 Beryllium 2 2 

5 Boron 23 

6 Carbon 2m NOM 

7 Nitrogen 2 15 

8 Oxygen 2 6 

9 Fluorine p 

10 Neon 2 8 

11 Sodium aes 1 

12 Magnesium 2 8 7. 

13 Aluminum 2 8 3 

14 Silicon Du '$ 4 

15 Phosphorus 2 8 5 

16 Sulfur 2"8 6 

17 Chlorine 2° 8 7 

18 Argon ars 8 

19 Potassium "NN 8 1 
20 Calcium 2— 8 8 2 
| 21 Scandium 2 © 9 p 
| 22 Titanium 21::8— "on во 

23 Vanadium 2 E 04 2 
24 Chromium 2 778.915 1 
25 Manganese DENISE 13 2 
26 Iron 2 8 14 2 
27 Cobalt 7 18 15 2 
28 Nickel 2 8 16 2 
29 Copper 21.287 wg 1 
30. Zine leat. mh 2 
31 Gallium 2 8 18 3 
32 Germanium 2 IS 4 
33 Arsenic 2 8 18 5 
34 Selenium 2 811$ 6 
35 Bromine 2.4 g "15 y 
36 Krypton 2 Swiss 
37 Rubidium 2 98... Ms Suo 
38 Strontium 2 8 18 a. 
39 Yttrium 2— 8 18 9: ж? 
40 Zirconium 2 828,780 2 
4] Niobium 2 veS 15 ye ete i 
42 Molybdenum 2 жб щш saw ЇЇ 
43 Technetium 29 gmg" Аі 
44 Ruthenium di. 188 15g 1 
45 Rhodium 2. 0. MIS. TS M] 
46 Palladium 2 oo 18 TS 09 
47 Silver 2% H8 i188: Ti 
48 Cadmium 2a бшш len e 2 
49 Indium 2 8 48. 318-3 
50 Tin ИМ с 161 918 TEE 
51 Antimony 2 18 ШУП 


Table УШТ 
Distribution of Electrons 


Element 
Tellurium 
Iodine 
Xenon 


Cesium 
Barium 
Lanthanum 
Cerium 
Pra'mium 
Neodymium 
Promethium 
Samarium 
Europium 
Gadolinium 
Terbium 
Dysprosium 
Holmium 
Erbium 
Thulium 
Ytterbium 
Lutetium 
Hafnium 
Tantalum 
Tungsten 
Rhenium 
Osmium 
Iridium 
Platinum 
Gold 
Mercury 
Thallium 
Lead 
Bismuth 
Polonium 
Astatine 
Radon 


Francium 
Radium 
Actinium 
Thorium 
Pr’tinium 
Uranium 
Neptunium 
Plutonium 
Americium 
Curium 
Berkelium 
Californium 
Einsteinium 
Fermium 
Mendelvium 
Nobelium 
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Only electrons are involved in chemical 
change. The nuclei of atoms are in no way 
altered during chemical change. 

In particular, the electrons in the outer- 
most shell are affected during chemical 
change. Occasionally electrons from the sec- 
ond outermost shell may be affected in some 
of the higher numbered elements, but the in- 
fluence of chemical change never penetrates 
the atom deeper than the second outermost 


shell. 
ISOTOPES 


Evidence is available to show that not all of 
the atoms of a given element are identical. 
They may vary in atomic weight. Atoms of 
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Atomic Wt. = 3 
Fig. 10. The 3 Isotopes of Hydrogen 
an element with different atomic weights are 
called isotopes of the element. 

Examine Figure 10. This shows three dif- 
ferent kinds of hydrogen atoms. The first has 
an atomic weight of 1, the second has an 
atomic weight of 2, and the third has an 
atomic weight of 3. Notice that the only struc- 
tural difference is the number of neutrons in 
the nucleus of each isotope. All three isotopes 
have but one electron because all are atoms of 
hydrogen and have atomic number 1. Simi- 
larly, all three isotopes have a single proton in 
the nucleus because each must remain electri- 


cally neutral. Isotopes, then, are atoms of the 
same element possessing different numbers of 
neutrons in their nuclei. 


ATOMIC WEIGHTS 

Almost all of the elements have isotopes. 
The relative abundance of each isotope of a 
given element in Nature varies considerably. 
For example, the element chlorine has two 
principal isotopes, one of atomic weight 35 
and one of atomic weight 37. If you were to 
pick up a container of chlorine, about 75 % of 
the chlorine atoms in the container would 
have atomic weight 35, and the other 25% 
would have atomic weight 37. The average 
weight of all the atoms in the container would 
then be about 35.5. The listed atomic weight 
of chlorine can be found in the table on page 
29. You will find it to be 35.457. This num- 
ber is the average atomic weight of all the 
atoms present in a sample of natural chlorine. 
The listed atomic weight of any element is 
the average of the atomic weights of the iso- 
topes of the element, taking into account the 
relative abundance of each isotope in a natural 
sample. 

On a practical basis, the average atomic 
weight of an element is measured by compar- 
ing the weight of a given number of atoms of 
the element to the weight of the same number 
of atoms of oxygen. The weight of oxygen is 
taken as 16. How chemists know when they 
are dealing with a given number of atoms will 
be described later. 

SYMBOLS 


In Chapter 2 (Table V) the symbols of 
some of the more common elements were 
given. These symbols are very important in 
chemistry for they represent three things: 

1. The name of an element. 

2. One atom of an element. 

3. A quantity of the element equal in 

weight to its atomic weight. 
For example, when we write the symbol O, we 
mean not only the name, oxygen, but we also 
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represent a single oxygen atom with this sym- 
bol. What is perhaps most important of all, 
since oxygen has an atomic weight of 16, the 
symbol O stands for 16 units of weight of this 
element. This may be 16 grams, or 16 pounds, 
or 16 tons. We can select any system of weight 
units we need when we use symbols to indicate 
quantities of elements. This idea will be de- 
veloped further in the next chapter. 


THE BOHR MODEL 


Our atomic model, as created by BOHR, is 
now sufficiently developed to explain chemical 
phenomena. It contains a nucleus composed of 
positive protons and neutral neutrons which 
supply the weight of the atom. Surrounding 
the nucleus are shells of electrons carrying suf- 
ficient negative charge to offset the positive 
charge on the nucleus. Figure 11 is a diagram 
of the atomic structure of an isotope of phos- 
phorus of atomic weight 31. It shows the num- 
ber of protons and neutrons in the nucleus, and 
the number and distribution of electrons in the 
shells. The atomic weight is the sum of the 
number of protons and neutrons in the nucleus. 
The atomic number is the sum of the electrons 
in the shells. 

If you are familiar with the properties of 
electricity, you know that opposite charges at- 
tract one another and like charges repel one 
another. As you look at Figure 11, two ques- 
tions might be raised. 

Why aren't the negative electrons attracted 
into the positive nucleus, causing our model to 
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NUCLEUS / 
PHOSPHORUS 
At Wt 31 At. No.15 


Fig. 11. 


collapse? The answer to this is in the idea that 
the electrons are spinning about the nucleus. 
If you tie a piece of string to a ball and whirl it 
around, the string will get tight. The whirling 
motion of the ball causes it to want to fly away 
from your hand, but the string holds it back. 
In our atom, the electrical attraction of the posi- 
tive nucleus and the negative electron just bal- 
ances the tendency of the whirling electron to 
escape from the nucleus. 

A second question suggested by Figure 11 is: 
Why doesn't the nucleus fly apart as a result of 
the repulsion of the protons on each other? In 
answer to this we can merely state that there is 
some sort of packing energy holding nuclei to- 
gether. This energy is not always 100% efh- 
cient, because we know that some nuclei do 
break apart in a process known as radioac- 
tivity. This will be described later. The exact 
nature of the packing energy is not yet under- 
stood. At this moment scientists all over the 
world are at work trying to solve this secret of 
Nature. 

THE PERIODIC TABLE 

On the basis of electronic distribution, all of 
the elements have been arranged in a table called 
the Periodic Table. Figure 12 gives this ar- 
rangement, showing the atomic number, sym- 
bol, and atomic weight of each element. Where 
atomic weights have not yet been accurately 
measured, the approximate value is given in 
brackets. 

The vertical columns are called groups. All 
of the elements in a group have the same elec- 
tronic structure in their outermost shell. For 
example, ail of the elements in Group I have 1 
electron in the outermost shell (Check this 
with Table VIII.). Elements in Group II have 
2 outermost electrons, elements in Group III 
have 3 outermost electrons, and so on. The 
inert elements at the far right of the table have 
8 outermost electrons. The transition elements 
may be thought of as arranged in sub-groups, 
and all of these have 2 outermost electrons with 
the exception of the Copper-Silver-Gold sub- 
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group which has only 1 outermost electron. 

The horizontal rows of elements are called 
periods. All the elements in a given period have 
the same number of shells of electrons. For ex- 
ample, the elements in Period 1 have but one 
shell of electrons. Those in Period 2 have 2 
shells, and so on. It is important to note that 
the last element of each period is an inert ele- 
ment. The lanthanide series of rare earth ele- 
ments is part of Period 6, and the actinide series 
of rare earth elements is part of Period 7. 

All four structural types of elements are 
shown in the table. The inert elements form a 
group at the extreme right. The simple elements 
are found in Groups I through VII. The transi- 
tion elements are at the center. [he rare earth 
elements are extracted from the table and listed 
at the bottom. 

It has been pointed out that the chemical be- 
havior of elements is based upon the electronic 
structure of their atoms, particularly the struc- 
ture of the outer shell. Since each group of ele- 
ments has the same structure in the outer shell, 
we can expect the members of a group to show 
similar chemical behavior. For this reason we 
can expect to find much use for the Periodic 
Table as we explore the chemical behavior of 


elements. 
Problem Set No. 3 


1. Using Equation (1) on p. 25, compute the maxi- 
mum number of electrons possible in: 
(a) The k-shell. 
(b) The l-shell. 
(c) The m-shell. 
(d) The n-shell. 
(e) The o-shell. 

2. Sketch the atomic structure of the following iso- 
topes of elements, showing the number of pro- 
tons and neutrons in the nucleus, and the number 
and distribution of electrons in the shells: (Use 
Fig. 11 as a model) 

(a) Atomic number 5; atomic weight 11. 
(b) Atomic number 12; atomic weight 24. 


(c) Atomic number 18; atomic weight 40, 
(d) Atomic number 34; atomic weight 79. 
(e) Atomic number 40; atomic weight 93. 


SUMMARY 


An atom is the smallest particle of an ele- 
ment capable of showing the properties of the 
element. 

There are two principal regions within an 
atom—a central nucleus, surrounded by shells 
of electrons. In the nucleus are positively 
charged protons and neutral neutrons. Each 
of these particles has a weight of 1. Each elec- 
tron has a negative charge and is practically 
weightless. 

The atomic number of an atom is the sum 
of the electrons in the shells surrounding the 
atom. 

The atomic weight of an atom is the sum 
of the number of protons and neutrons in the 
nucleus. 

Isotopes are atoms of the same element pos- 
sessing different atomic weights. 

The atomic weight of an element is the 
average atomic weight of all the atoms of the 
element taking into account the relative natu- 
ral abundance of the isotopes of the element. 

Symbols stand for the name of an element, 
one atom of the element, and one atomic 
weight’s worth of the element. 

The Periodic Table is a structural classifica- 
tion of the elements based upon the distribution 
of electrons in the shells. This system of classifi- 
cation was first developed by the Russian chem- 
ist DIMITRI MENDELEEFF after many previous 
attempts to organize the elements had failed. 
Only 63 elements were known at his time, but 
he accurately predicted the existence of the 
others by leaving blank spaces in his Table. His 
feat was the more remarkable because he knew 
nothing of the modern concepts of the struc- 
ture of matter. 


CHAPTER 4 


COMPOUNDS 


Elements in the free or uncombined state 
make up only a small fraction of matter. Most 
of matter occurs as compounds or mixtures of 
compounds. Let us now put our Bohr model 
of the atom to the test to see whether it is use- 
ful in explaining how elements can combine 
to form all the various compounds. 


THE INERT ELEMENTS 


Take another look at Table VIII on p. 26. 
Pay special attention to the elements which are 
just above the separating lines. Notice that ex- 
cept for helium, all of these elements have 
eight electrons in the outermost shell. Then 
notice that the next element in each case has 
one electron in a new shell. Why doesn’t this 
new electron go into one of the existing shells? 
The answer is that it simply doesn’t fit, which 
is another way of saying that the shells of elec- 
trons in the elements just above the separating 
lines are, for the moment at least, filled up or 
saturated with electrons. 

Now look up each of the elements just 
above the separating lines in the Periodic 
Table on page 29. You will find all of them in 
the column at the far right under the head- 
ing: Inert Elements. Each of them occurs at 


the end of a period. Eventually, in subse- 
quent periods in our atmosphere, the outer- 
most shells may consist of more than eight 
electrons. 

These inert elements all have one chemical 
property which is: they have no chemistry! 
They combine with nothing. They form no 
compounds either among themselves or with 
other elements. They are indeed chemically 
inert. All of these elements are gases at room 
temperature, and all except radon are present 
in inert elements; their electronic configura- 
tion obviously represents a temporarily satu- 
rated state. 

You might ask why we should bring up this 
group of elements which form no compounds 
in a chapter devoted to the formation of com- 
pounds. Well, these elements possess a struc- 
ture so stable that they resist compound for- 
mation. All the other elements are less stable 
since they do form compounds. It is suggested 
that when active elements combine to form 
compounds, they undergo a rearrangement of 
their electronic structures in order to gain an 
electronic configuration similar to that of a 
nearby inert element. Such a rearrangement 
causes the active elements to become struc- 
turally more stable. 


Table IX 


Properties of Inert Elements 


Neon 
Property Ne 


Atomic Number 10 
Atomic Weight 4.003 20.183 
Density, g/cc. 0.00018 0.0009 
Solubility, 

ml/100 ml. of water : 165 
Parts in Million 

parts of dry air 
Boiling Point, Р. 
Melting Point, Е. 


Argon Krypton Radon 
A Kr Rn 


18 36 86 

39.944 83.7 222 
0.00179 0.00374 0.0099 

6.0 


5.6 0.000002 


c— 


—79.5 
—96.1 


0.5 
—243.4 
—250.8 
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VALENCE 


The tendency of elements to form com- 
pounds through a shift of electronic structure 
is known as valence. Actually the term valence 
may be used to indicate two different things. 
One is valence mechanism, that is, the manner 
in which elements attain a stable electronic dis- 
tribution. The other is valence number, that 
is, the number of electrons of an element in- 
volved in forming a compound. Let us examine 
first the valence mechanism, the process by 
which compounds are formed. 


ELECTROVALENCE 


Consider for a moment the structure of an 
atom of sodium. It has one electron in its outer- 
most shell and eight electrons in its next outer- 
most shell. If the lone electron were to be re- 
moved from the sodium atom, the remaining 
electronic structure would be identical to the 
structure of neon, an inert element which im- 
mediately precedes sodium in the Periodic 
Table. The removal of the electron would 
change the nature of the particle by causing it 
to have one excess positive charge. It would no 
longer be a sodium atom for, although its 
nucleus is still that of sodium, it would possess 
an insufficient number of electrons to be a 
sodium atom. Nor would it be neon, for its 
nucleus has too many protons. An electrically 
charged particle of the type described 1s called 
an ion. The one being considered is a sodium 
ion. Ions possess properties which are totally 
different from the atoms from which they 
come. 

The idea of forming an ion from an atom is 
reasonable enough, but where can the electron 
go? The elements near sodium in the Periodic 
Table, like potassium or calcium or magnesium, 
would not accept an additional electron, for it 
would not bring them nearer a stable electronic 
configuration. But over near the other end of 
the Periodic Table are elements like chlorine. 
Chlorine has seven electrons in its outermost 
shell. The addition of one more electron would 


give it the same stable configuration as argon, 
another inert element. The addition of the elec- 
tron to the chlorine atom would form a particle 
with one excess negative charge. It would be 
neither a chlorine atom nor an argon atom. It 
would be a chloride ion. Once the electron has 
been transferred from the sodium atom to the 
chlorine atom, we then have oppositely charged 
ions which are capable of attracting one another 
electrically. They do so to form the familiar 
compound, sodium chloride, which is ordinary 
table salt. Figure 13 shows the formation of this 
compound. The process of forming a com- 
pound through the transfer of electrons is 
called electrovalence. 

A careful consideration of the Periodic 
Table will lead to the discovery of the elements 
which show  electrovalence. Elements in 
Groups I, II, and III give up 1, 2, or 3 electrons 
respectively to form positive ions. These ele- 
ments are said to exhibit positive valence. Ele- 
ments in Groups V, VI, and УП accept 3, 2, or 
1 electron respectively to form negative ions. 
These elements are said to exhibit negative 
valence. Table X gives the symbols for typical 
ions formed by elements in each of these 


groups. 
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Fig. 13. Electrovalence 


Theoretically, the elements in Group IV can 
form ions either by gaining or by losing elec- 
trons. 

It is not difficult to see that it takes energy to 
remove an electron from a sodium atom, or to 
force an electron into a chlorine atom. Similarly 
it seems reasonable that it takes more energy to 
strip the 2 electrons from a magnesium atom 
than to remove the 1 electron from a sodium 


Chemistry Made Simple 33 


atom. The ease with which an element loses or 
gains electrons is a measure of its activity. On 
the basis of energy considerations we may state 
the following. Elements in Groups I and VII 
are more active than those in Groups III and V. 
Only elements near the bottom of Group IV 
form ions. Thus, it can be seen that activity de- 
creases as we consider elements toward the 
center of the Periodic Table. 

Within a given Group, there is also a range 
of chemical activity. Considering Group I, the 
negative electron to be removed from the hy- 
drogen atom is much closer to the positive 
nucleus than the electron to be removed from 
the cestum atom. Thus it can be seen that it 
takes less energy to form a cesium ion than to 
form a hydrogen ion. Therefore, cesium is 
much more active than hydrogen. On the other 
hand, in Group VII, similar reasoning tells us 
that it will require more energy to force an elec- 
tron into a bromine atom where the positive 
nucleus is buried within a cloud of negative 
electrons, than to force an electron into a fluo- 
rne atom where the positive nucleus is rela- 
tively close to the outermost shell and can help 
attract the extra electron in. On the basis of 
energy considerations we may state that the 
most active electrovalent elements are to be 
found in the lower left and upper right areas 
of the Periodic Table. 

The transition and rare earth elements also 
form ions. However, because both their outer- 
most and second outermost shells are unfilled, 
they give up not only their outermost electrons 
to form ions, but they may also give up some 
electrons from their second outermost shell as 


Table X 


Symbols of Typical Ions 
Group 1 П Ш V Р] Vil 
lonic Symbols Na* uid Ala ie c Е- 
Ke Mg** S cr 


well. Thus it is common to find these elements 
forming two or more different positive ions. 

The compounds formed by electrovalence, 
then, really consist of oppositely charged ions 
packed and held together by electrical attrac- 
tion. Such compounds ase called ionic ag- 
glomerates. 


COVALENCE 


On the basis of electrovalence, we would ex- 
pect an element like carbon, which is in Group 
IV, to be fairly inert and form few compounds 
Yet this element forms more compounds than 
all the other elements put together. Obviously, 
then, there must be some other valence mecha- 
nism. 

Carbon has four electrons in its outermost 
shell. Hydrogen has one electron in its only 
shell. Suppose that four hydrogen atoms were 
to approach a carbon atom very closely, so 
closely that the shell of each hydrogen atom 
penetrated into the outermost shell of the car- 
bon atom. The electrons in these interpene- 
trated shells would then be influenced by the 
nuclei of both types of atoms. Both atoms 
would, in a sense, be sharing electrons, What 
would be the net effect? Figure 14 shows us. 
The electron of each hydrogen atom is indi- 
cated by an x, and the carbon electrons are 
indicated by dots (The inner carbon atoms are 
not shown). We can see that two electrons are 
now associated with each hydrogen atom giv- 
ing them the stable helium configuration, and 
eight electrons are associated with the carbon 
atom giving it the stable neon configuration. 
Both types of atoms have attained stable struc- 
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tures through this sharing process. The com- 
pound described is methane, the principal in- 
gredient of natural gas used in cooking. The 
process of forming a compound through the 
sharing of pairs of electrons is called covalence. 
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Fig. 14. Covalence 


A pair of electrons shared between two 
atoms is often called a bond. In methane, car- 
bon is united to four hydrogen atoms by single 
bonds. Many compounds exist in which two or 


even three pairs of electrons are shared by two 


atoms. Figure 15 shows the bonding in carbon 


dioxide, a gas which bubbles out of carbonated 
water, and of acetylene, a gas commonly used 
in welding. Two pairs of electrons are shared 


between each oxygen atom and the central car- 


bon atom in carbon dioxide, forming eight elec- 
trons around each of the three atoms present. 
Three pairs of electrons are shared between the 
two carbon atoms in acetylene, and a single 
pair is shared between the carbon and hydrogen 
atoms. Carbon dioxide is said to have two 
double bonds, and acetylene is said to have a 
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Acetylene 
Fig. 15. 


triple bond between its two carbon atoms. 

The net effect of covalence is to form tiny 
particles of compounds containing a definite 
number of atoms. These discreet, individual 
particles which possess all the properties of the 
compound are called molecules. Molecules are 
present only in covalent compounds. Electro- 
valent compounds do not have molecules, but 
rather, are made up of ions packed together. 
Table XI summarizes the differences between 
electrovalence and covalence. 


тт ee лш 
Table XI 


Valence Mechanisms 


Mechanism: Electrovalence Covalence 
Process: Complete transfer Sharing of pairs 
of electrons of electrons 
Via: Formation of ions Interpenetra- 
tion of atoms 
Product: Ionic agglomerates Molecules 


ee 
VALENCE NUMBER 


riety of valence numbers depending upon the 
particular compound they happen to be part 
of. To help you determine the valence number 
of an element in a compound, the following 
general rules are given: 

1. Elements of Group I of the Periodic 
Table normally have a valence number of 
aie 

2. Elements of Group II normally have a 
valence number of +2. 

3. Elements of Group VII normally have a 
valence number of —1 in binary com- 
pounds (compounds which contain only 
2 elements). 
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4. In electrovalent compounds in general: 
a. The valence number of an ion is 
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| formula gives the simplest ratio of constituents 


| in whole numbers. In covalent compounds, the 


numerically equal to the charge on | formula gives the exact number of atoms of 
|! each element present in a molecule of the com- 


the ion. 

Positive ions have positive valence 
numbers. 

Negative ions have negative valence 
numbers. 

5. In covalent compounds in general: 

a. The valence number.of an atom in a 
covalent compound is numerically 
equal to the number of its electrons 
shared with atoms different from it- 
self. For example, referring again to 


Figure 15, the carbon atom in car- | 
bon dioxide shares all four of its | 


outermost electrons with oxygen 
atoms, so its valence number is 4. 
But in acetylene, three carbon elec- 
trons are shared with another carbon 
atom while one electron is shared 


with a hydrogen atom. The carbon- | 


to-carbon bonds don’t count, so the 

valence number of carbon in acety- 

lene is 1. 

Oxygen always has a valence num- 

ber of —2 in its compounds (except 

peroxides, where its valence number 

is —1). 

. Elements like carbon, silicon, nitro- 
gen, phosphorus, sulfur, and chlo- 
rine, when they are centrally located 
in covalent molecules, normally 
have positive valence numbers. 

6. The net sum of all the valence numbers 
exhibited in a given compound must be 
Zero. 

These rules generally apply in most chemical 

compounds. Where exceptions occur, they will 

be pointed out. 


FORMULAS 


The formula of a compound is a ratio of the 
number of atoms of each element present in the 
compound. Ín electrovalent compounds, the 


аР 


pound. 

The symbols of the elements present are used 
in writing formulas. If more than one atom of 
an element is required in the formula, a sub- 
script numeral is written behind the symbol of 
the element to indicate the number of its atoms 
in the formula. For example, the formula for 
water is Н.О. This means that in every mole- 
cule of water there are two atoms of hydrogen 
and one atom of oxygen. Note that when only 
one atom of an element is present in the for- 
mula, the subscript 1 is understood and not 
written. The formula for sodium chloride, 
NaC], tells us that this compound contains 
equal numbers of sodium and chlorine atoms. 
We know from previous discussions that in this 
compound the atoms are actually present as 
ions. A formula gives no indication as to 
whether a compound is electrovalent or cova- 
lent. This characteristic must be ascertained 
from the properties of the compound. 


FORMULAS AND VALENCE 


If we know the valence of each element in a 
compound, we can easily write its formula. Let 
us look at a few examples. 


ExawPLE 1: A compound consists solely of mag- 
nesium and chlorine. What is its formula? 


SorurioN: Mg, a Group II element, has a valence 
number of +2. Cl, a Group VII element, has a valence 
number of —1. 

Therefore, to form a compound in which the sum 
of the valence numbers is zero, it will take two 
chlorine atoms to nullify each magnesium atom. The 
formula of this compound must therefore be: 

MgCl. 


The name of this compound is magnesium chlo- 
ride. The suffix, -ide, is used with the root of 
the name of the negative element in binary 
compounds. The terms oxide, sulfide, nitride, 
phosphide, carbide, fluoride, bromide, and 
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iodide appear in the names of compounds in 
which these negative elements are combined 
with one other positive element to form a 
binary compound. 

Look carefully at the formula of magnesium 
chloride, MgCl,. Behind Mg, the subscript 1 is 
understood. Behind Cl is the subscript 2. Do 
you see that the valence number of each ele- 
ment has been criss-crossed and written as a 
subscript behind the symbol of the other ele- 
ment? Let us try this idea with another example. 


EXAMPLE 2: What is the formula of aluminum oxide? 


Sotution: Al, a Group III element, has a valence 
number of +3. О, а Group VI element, has a valence 
number of —2. 

Criss-crossing the valence numbers and using them 
as subscripts, we have the formula: 

AlO}. 

Note that the sign of the valence numbers is ignored 
when we write formulas. 
Does this formula for aluminum oxide satisfy 
the rule of zero net valence for compounds? 
Let's check it. 


For А52 „Хх (43) = T6: 
Bor. O: dex (R2) = 6. 
Net valence (sum) = 0. 


EXAMPLE 3: What is the formula of calcium sulfide? 


SoLuTioN: Ca, a Group H element, has a valence num- 
ber of +2. S, a Group VI element, has a valence num- 
ber of —2. Criss-crossing the valence numbers and 
writing them as subscripts, we have the formula: 
CaSo. 
However, this is not the simplest formula for this 
compound. This formula tells us that the ratio of 
calcium to sulfur atoms is 2:2. This, of course, is the 
same as a ratio of 1:1. Therefore, to write this formu- 
la in its simplest form, we reduce the subscripts to 
1, and the formula becomes: 


CaS. 


Now let’s look at the relationship between 
formulas and valence the other way. Suppose 
we are given the formula of a compound and 
we have to find the valence numbers of the ele- 
ments present. Let’s look at some examples. 


ExaAMPLE 4: What are the valence numbers of the 
elements in sulfur dioxide, SO? 


a eee 
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SoLUTION: Our rules on p. 35 tell us that oxygen has 
a valence number of —2. Since there are 2 oxygen 
atoms in our formula, the total negative valence is 
then —4. Therefore, to satisfy the rule of zero va- 
lence in the compound, the valence number of S in 
SO; must be +4. 


ExAMPLE 5: What are the valence numbers of the 
elements in sulfuric acid, H;SO,? 


SoLUTION: O alwavs has a valence number of —2. H, 
a Group I element, has a valence number of +1. The 
4 O atoms give us a negative valence of 4 X (—2) — 
—8. The 2 H atoms give us a positive valence of 2 X 
(+1) = +2. Therefore, in order to make the net 
valence of the compound zero, S in H;SO, has a 
valence number of +6. 


RADICALS 


In many chemical compounds there are 
clusters of elements which behave as if they 
were a single element. Such a group of elements 
is known as a radical. Consider the following 
series of compounds. 


Series A 


Sodium chloride NaCl 

Sodium hydroxide NaOH 

Sodium nitrate NaNO; 
Series B 

Sodium sulfide NaS 

Sodium sulfate NaSO; 

Sodium carbonate NaCO; 


In series A, the hydroxide (OH) and the nitrate 
(МО) groups have behaved toward sodium 
in exactly the same way as a single chlorine 
atom. Similarly, in series B, the sulfate (SO,) 
and carbonate (CO;) groups have behaved 
toward sodium in exactly the same way as a 
single sulfur atom. All of these groups are radi- 
cals. 

The atoms within a radical are held together 
by covalent bonds, but in each case, they con- 
tain either an excess or a deficiency of electrons, 
causing the radical to possess an electrical 
charge. Thus, radicals are really complex 10115. 
They then combine as a unit with other ions to 
form electrovalent compounds. 

Radicals possess a net valence number equal 


Chemistry Made Simple 37 


in magnitude and sign to the net charge on the 
radical, just like any other ion. Table XII gives 
the names, formulas, and valence numbers of 
the common radicals. 


Table XII 


Radicals 


Valence Number + 1 
Ammonium: NH,4+ 


Valence Number — 1 
Acetate C,H40,- 


Valence Number — 2 
Carbonate COg^ T 
Chromate CrO,- — 
Dichromate Cr;O4- 7 


: Sulfate SO,- — 
Bicarbonate HCO;^7 Sulfite SO; 
Chlorate CIO; 

Hydroxide OH- Valence Number — 3 
Cyanide CN- Phosphate РО, — 
Nitrate NO,- 

Nitrite МО 


Permanganate MnO,- 


Since ammonium is a positive radical, it will 
form compounds with all the negative radicals. 
Notice how the formulas of these compounds 
are written. 


Ammonium acetate NH,C,H;02 
Ammonium carbonate (NH 4)2COz: 
Ammonium phosphate (М№Н,):РО, 


Note that it takes two ammonium ions to satisfy 
the valence of the carbonate ion, and three am- 
monium ions to satisfy the valence of the phos- 
phate ion. (Remember ammonium phosphate 
from the match stick?) 

Look carefully at the names and formulas of 
the radicals. The suffixes -ite and -ate occur 
repeatedly. The suffixes are used only with 
radicals containing oxygen atoms. Notice that 
“ite” radicals contain less oxygen than “*-аге” 
radicals. For example: 


Sulfite, SO; 
Nitrite, NO; 


Sulfate, SO, 
Nitrate, NO; 


Note also that there is no definite number of 
oxygen atoms in cither type. The formulas of 
each radical must be learned individually 
through repeated usc. 


FORMULA OR MOLECULAR WEIGHTS 


Just as symbols represent more than just the 
name of an clement, so formulas stand for more 
than merely the name of a compound. A for- 
mula stands for three things: 


1. The name of a compound. 

2. One molecule of the compound (if it is 
covalently bonded). 

3. A quantity of the compound equal in 
weight to its formula weight. 


This concept of the formula weight of a 
compound is one of the most important ideas in 
chemistry. Its definition is very simple. The 
formula weight of a compound is the sum 
of all the atomic weights of the elements 
present in the formula of the compound. 
The formula weight of sodium chloride, NaCl, 
is found as follows: 

22.997 
35.457 


Formula weight of NaCl 58.454. 


Atomic weight of Na 
Atomic weight of CI 


Similarly, the formula weight of water, H,O, 
would be found thus. 


Atomic weight of H (х 2) 2.016 
Atomic weight of O 16.000 
Formula weight of H,O 18.016. 


Since the formula of a covalent compound 
represents the constituents of a molecule of the 
compound, the formula weight is usually re- 
ferred to as the molecular weight of the com- 
pound. Asa matter of fact, since a formula gives 
no indication as to the type of bonding present 
in a compound, the term molecular weight is 
commonly used even with electrovalent com- 
pounds, even though no molecule is present in 
these compounds. Thus, in usage, the terms 
formula weight and molecular weight are com- 
pletely interchangeable. 

A quantity of acompound equal in weight to 
its formula weight is called a mole. For ex- 
ample, 18.016 units of weight of water is one 
mole of water. 18.016 grams of water would be 
one gram-mole; 18.016 pounds of water would 
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be one pound-mole; etc. Any quantity of a 
given compound can be expressed in terms of 
the number of moles of the compound present. 
The number of moles of a compound is found 
by using the following expression: 


Actual weight 


Formula weight = Number of moles. 


(1) 


We will begin to see in the next chapter how 
fundamentally important the concept of the 
mole is in the science of chemistry. 
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Problem Set No. 4 


1. Figure 16 is a diagram of the electronic configu- 
ration in a compound (only the outermost elec- 
trons of each atom are shown). Determine the 
valence number of each atom in the compound. 
What is the name of the compound? 

2. A compound consists solely of aluminum and 
sulfur. Work out its formula. What is its name? 

3. A compound consists solely of magnesium and 
nitrogen. Work out its formula. What is its 
name? 

4. What are the valence numbers of each atom in 
sodium carbonate, Na;COg? 

5. What are the valence numbers of each atom in 
calcium nitrate, Ca( NOs) 2? 

6. What is the formula of ammonium sulfate? 

7. What is the formula of magnesium phosphate? 

8. Compute the formula weight of sugar, 
СНО}. 

9. Compute the formula weight of aluminum sul- 
fate, Al;(SO,);. 

10. 200 grams of sodium hydroxide, NaOH, are to 
be used in making up a solution. How many 
gram-moles would that be? 


SUMMARY 


Inert elements form no compounds because 
of the great stability of the electronic configu- 
rations in their atoms. In forming compounds, 
elements have their electronic distribution re- 
arranged to match that of the inert elements. 

The rearrangement of electrons is a process 
known as valence mechanism. Compound 
formation through the process of transfer of 
electrons from one atom to another is called 
electrovalence. The ions produced by this 
transfer are packed together electrically to 
form ionic agglomerates. Compound forma- 
tion through the process of sharing electrons 
between atoms is called covalence. Discreet 
particles called molecules are produced by this 
process. 

The valence number of an element is the 
number of its electrons involved in the forma- 
tion of a compound. Valence numbers may be 
positive or negative, but the net sum of the 
valence numbers of elements in a compound 
must be zero. 

A formula is a ratio of the number of atoms 
of each element present in a compound. It con- 
tains the symbols of each element present, 
with subscripts behind each symbol to indi- 
cate the number of atoms of the element pres- 
ent. 

A radical is a group of elements which be- 
have as a single element. All radicals are ions, 
possessing an electrical charge. 

A mole is a quantity of a compound equal in 
weight to the formula weight, or molecular 
weight, of the compound. The formula 
weight is the sum of the atomic weights of the 
elements present. 


CHAPTER 5 


LAWS OF CHEMISTRY 


We have seen how our model of an atom has 
given us a reasonable explanation of how atoms 
are combined in compounds. Now we want to 
look at some of the basic laws of chemistry. 
These laws were discovered only after years 
of painstaking observation of the behavior of 
Nature. It should be kept in mind that they 
were all known before our atomic model was 
created. Each contributed to the development 
of our model. However, our primary concern 
now with these laws is with the assistance they 
can give us in understanding chemical change. 


CONSERVATION OF MATTER 

The Law of Conservation of Matter 
states that matter is neither created nor 
destroyed during chemical change. This 
means that the sum of the weights of the sub- 
stances entering a chemical change must be 
precisely equal to the sum of the weights of the 
substance formed as a result of chemical change. 
This law has been verified by repeated study 
of chemical changes using delicate balances to 
measure the weights of reactants and prod- 
ucts. 

As we have seen, chemical change involves a 
redistribution of electrons, either by transfer 
or by sharing, but no new electrons are formed 
in chemical change, nor are any destroyed. The 
nuclei of atoms, which possess all the weight, 
remain unchanged and are carried along into 
new combinations solely as a result of the re- 
distribution of electrons. Thus, our atomic 
model is consistent with the Law of Conserva- 
tion of Matter. 


DEFINITE PROPORTIONS 


The Law of Definite Proportions states 
that a given compound always contains the 
same elements combined in the same pro- 
portions by weight. The decomposition of a 
compound into its elements for the purpose of 


finding out how much of each element is pres- 
ent is known as analysis of the compound. Re- 
peated analysis of a compound always shows 
that it contains the same elements in the same 
weight proportions. 

For example, water always contains 8 parts 
by weight of oxygen to 1 part by weight of 
hydrogen. Let us see if these results are con- 
sistent with our concepts of atomic structure 
and compound formation. Oxygen, with atom- 
ic weight 16.0, has 6 electrons in its outermost 
shell. Hydrogen, with atomic weight 1.0, has 1 
electron in its shell. Oxygen needs 2 electrons 
to fill its outermost shell. Our concept of com- 
pound formation tells us that 2 hydrogen atoms 
are required to provide sufficient electrons to 
fill the outer shell of oxygen. Furthermore, 
this gives us a weight proportion of 16 parts by 
weight of oxygen (1 atom) to 2 parts by weight 
of hydrogen (2 atoms), which is consistent 
with the 8 to 1 proportion always found in the 
analysis of water. 

The Law of Definite Proportions has further 
significance. The process of causing elements 
to combine to form compounds is known as 
synthesis of compounds. The Law of Definite 
Proportions dictates that a compound formed 
by synthesis must contain the same weight 
proportions of its elements as any other samples 
of this compound. Thus, water produced in a 
laboratory by combining oxygen and hydrogen 
must contain 8 parts by weight of oxygen to 1 
part by weight of hydrogen, the same as any 
other water sample. Now suppose that one took 
8 parts by weight of oxygen and 2 parts by 
weight of hydrogen and attempted to combine 
them. What would happen? Well, it can be 
seen that there is too much hydrogen. The 8 
parts of oxygen would combine with 1 part of 
hydrogen, and the rest of the hydrogen would 
remain unchanged. In this case the oxygen 1s 
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said to be the limiting reactant, for the 
amount of water formed is based upon the 
amount of oxygen present. Likewise, in this 
case, there is said to be an excess of hydrogen 
present, for there is more present than oxygen 
can combine with. 

In similar fashion, if one were to begin with 
10 parts by weight of oxygen and 1 part by 
weight of hydrogen, 8 parts of oxygen would 
combine with the 1 part of hydrogen to form 
water, and the rest of the oxygen would be left 
unchanged. Here, the hydrogen is the limiting 
reactant and an excess of oxygen is present. 
This concept of limiting and excess reactants is 
very important, for in all chemical changes that 
involve two or more reactants, one of the re- 
actants will always be the limiting reactant, 
and the others will be in excess. 


AVOGADRO’S HYPOTHESIS 


Avogadro’s Hypothesis states that equal 
volumes of gases measured at the same 
temperature and pressure contain equal 
numbers of molecules. All gases exist as mole- 
cules. By finding the ratio of weights of equal 
volumes of various gases, we can find the ratio 
of their molecular weights. For example, let us 
consider again the compound water, and its 
elements hydrogen and oxygen. We can easily 
convert water to a gas (steam) and weigh a 
given volume of it. Likewise, the same volume 
of hydrogen and oxygen, both gases, can be 
brought to the same temperature as the steam 
and weighed. The weight ratios found by this 
procedure always turn out to be as follows: 


Hydrogen ] part by weight 
Oxygen 16 parts by weight 
Water 9 parts by weight 


The sample of oxygen weighs 16 times as much 
as the sample of hydrogen, and the sample of 
steam weighs 9 times as much as the hydrogen. 
Since, by Avogadro's Hypothesis, each of these 
samples contains the same number of mole- 
cules, the individual molecules of each of these 
substances must possess these same weight pro- 
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portions. Now we know the weight of one of 
these molecules. The formula of water is H:O, 
and its molecular weight, obtained by adding 
the atomic weights in the formula, is 18. Re- 
calculating our weight ratio found above to a 
basis of 18 for water we get: 


Hydrogen 2 parts by weight 
Oxygen 32 parts by weight 
Water 18 parts by weight 


Since this ratio is a ratio of molecular weights, 
and since the actual molecular weight of water 
is 18, the actual molecular weight of hydrogen 
must be 2, and the actual molecular weight of 
oxygen must be 32. 

Therefore, the molecule of hydrogen gas 
must contain 2 atoms of hydrogen, because the 
atomic weight of hydrogen is 1. Similarly, the 
molecule of oxygen must contain 2 atoms of 
oxygen, because the atomic weight of oxygen 
is 16, one half of the molecular weight. The 
formula of hydrogen gas is therefore written 
H, to indicate the 2 atoms in the molecule. The 
formula for oxygen gas is О,. Both of these 
molecules are covalently bonded. 

Avogadro’s Hypothesis is thus very useful 
in finding the molecular weight and formula 
of a gaseous substance, provided that its weight 
can be compared with the weight of a substance 
whose formula is known. Experimental and 
mathematical studies of Avogadro’s Hypothesis 


have indicated its accuracy beyond reasonable 
doubt. 


EQUATIONS 
An equation is simply a statement of a 
chemical change using chemical symbols. 
When sulfur, or any other substance, burns, in 
air, it is combining with oxygen in air to pro- 
duce an oxide. Let us look at this reaction in the 
form of a chemical equation. 
S + Os = 
Sulfur Oxygen 


SO; 
Sulfur dioxide 
Examine the equation closely. Is it consistent 
with the Law of Conservation of Matter? In 
other words, are there equal numbers of each 
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type of atom on each side of the equation? Yes, 
we see that this is so. This equation, therefore, 
is said to be balanced. An equation is mean- 
ingless unless it is balanced. 

This equation tells us more than merely that 
sulfur combines with oxygen to produce sulfur 
dioxide. It has quantitative significance just as 
symbols themselves do. It tells us that one 
atomic weight's worth of sulfur reacts with one 
molecular weight's worth of oxygen to pro- 
duce one molecular weight's worth of sulfur 
dioxide. If units of grams are used, this would 
be: 

St ras cuts ЗО: 
32.1 g. 32 g. 64.1 g. 
In other words, this equation tells us that one 
mole of sulfur combines with one mole of 
oxygen to produce one mole of sulfur dioxide. 

Let us look at another reaction. You will re- 
call that when copper is heated in air, black cop- 
per oxide is formed. This reaction is indicated 
as follows: : 

Cu + О, = 

Copper Oxygen 

What about our Law of Conservation of Mat- 
ter now? Do you see that we have apparently 
destroyed some oxygen? This equation is not 
balanced. It is called a skeleton equation, for 
it indicates only the names of the substances 
involved. 

This equation would be balanced if we could 
put a subscript 2 behind the O of CuO to make 
it CuO,. But this would violate the Law of Def- 
inite Proportions, because black copper oxide 
always has the formula CuO. In balancing 
equations, the subscript in the formulas of 
compounds may not be changed. 

A skeleton equation is balanced by placing 
numbers, called coefficients, in front of the 
formulas of the substances in the reaction. Look 
again at our skeleton equation. An even number 
of oxygen atoms appears on the left side of the 
equation. By placing the coefficient 2 in front 
of CuO, we would have two oxygen atoms on 
each side of the equation, for the coefficient 


CuO 
Copper oxide 


multiplies all the symbols in the formula im- 
mediately behind it. This would change our 
equation to read: 

Cu + O; = 2CuO. 


Now we have too much copper on the right. 
This can be remedied by placing another co- 
efficient 2 in front of the Cu, giving us the fol- 
lowing. 
2Cu + O; = 2CuO. 

Now the equation is balanced. We have 2 cop- 
per atoms and 2 oxygen atoms on each side of 
the equation. The balanced equation now reads. 
2 moles of copper combine with 1 mole of oxy- 
gen to produce 2 moles of copper oxide. The 
following expression shows how the weights 
of each of the substances in the balanced equa- 
tion may be indicated: 


2Cu =F O, = 2CuO 
2506316 3) 21630 16) 
12272 SF 32 E 159.2 


So, 127.2 units of weight of copper combine 
with 32 units of weight of oxygen to form 
159.2 units of weight of copper oxide. These 
units of weight may be grams, pounds, tons, 
etc., Just so long as all three weights are ex- 
pressed in the same units. This weight relation- 
ship also tells us that copper and oxygen com- 
bine in a weight ratio of 127.2 parts by weight 
of copper to 32 parts by weight of oxygen. 
Similarly, 159.2 parts by weight of copper 
oxide are formed for every 32 parts by weight 
of oxygen or every 127.2 parts by weight of 
copper. 

Let us look at one more example. Butane gas 
(C,Hie) is commonly used as a bottled gas in 
rural areas. It burns with oxygen to form car- 
bon dioxide and water. The skeleton equation 
1S: 

С.Н, + О, = CO; + Н,О. 
Let us balance this skeleton equation using the 
“even numbers” technique described in the 
previous example. 

1. Starting with oxygen, we see an even 
number of oxygen atoms on the left, and an odd 
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number on the right. The CO, has an even 


The characteristics of a balanced equation 


number of oxygen atoms, so we have to work | may be summarized as follows: 


with the H,O. Let's try a coefficient of 2. This 
would give us: 

С.Н, + О, = СО, + 2 H20. 
This gives us an even number of oxygen atoms, 
but we need 10 hydrogen atoms and this gives 
us only 4 (2 X 2). Therefore we need a larger 
coefficient. 

2. A coefficient of 5 would give us the right 
amount of hydrogen, but $ is an odd number, 
so we must go to the next even multiple of 5 
which is 10. This will do, but it gives us 20 hy- 
drogen atoms on the right. By placing another 
coefficient of 2 in front of the C,H,, we would 
also have 20 hydrogen atoms on the left. This 
gives us: 

2 С.Н + О, = СО» + 10 H5O. 
Now our hydrogen is balanced and we have an 
even number of oxygen atoms on each side. 

3. Now we look at the carbon. We have 8 
carbon atoms on the left, so we need a coefh- 
cient of 8 in front of the CO, to balance the 
carbon. This gives us: 

2 С,Н + О, = 8 СО, + 10 H20. 


We still have an even number of oxygen atoms 
on each side. 

4. Now we are finally ready to balance the 
oxygen. There is a total of 26 oxygen atoms on 
the right side of the equation. A coefficient of 
13 in front of the O, will give us 26 oxygen 
atoms on the left side. Now our equation is 
balanced and looks like this: 

2 CHo + 13 О, = 8 СО, + 10 H5O. 
This equation reads: 2 moles of butane combine 
with 13 moles of oxygen to produce 8 moles of 
carbon dioxide and 10 moles of water. The 
weight proportions involved are: 


Butane: 2(48 + 10) = 116 
Reactants: 
Oxygen: 13(32) =416 532 
Carbon Dioxide: 8(12 + 32) = 352 
Products: 
Water: 10(2 + 16) = 180 532 


1. It obeys the Law of Conservation of Mat- 
ter. 

2. It obeys the Law of Definite Proportions. 

3. Its coefficients give the molar proportions 
of reactants and products involved in the 
reaction. 


Symbols, formulas, and equations all have 
definite quantitative meanings. We are now 
ready to look at some numerical applications 
based upon these ideas. 


PERCENTAGE COMPOSITION 

If we know the formula of a compound, we 
can easily find the percentage by weight of each 
element present. A statement of the percentage 
of each element present in a compound is called 
its percentage composition. In chemistry, 
this composition is always on a weight basis 
unless specifically stated otherwise. Sometimes 
the composition of mixtures of gases is given 
on a volumetric basis. 

The computation of percentage composition 
from the formula of a compound is based upon 
the meaning of symbols and formulas. Each 
symbol stands for one atomic weight's worth 
of the element it represents, and each formula 
stands for one molecular weight's worth of the 
compound it represents. Let us see how per- 
centage composition calculations are carried 
out. 


EXAMPLE 1: What is the percentage composition of 
water, Н,О? 


SOLUTION: 
No.of Atomic Total 
Atoms Weight Weight 
Hydrogen: 2 1.0 2.0 
Oxygen: 1 16.0 16.0 
Molecular weight of H:O: 18.0 
Percentage of hydrogen = 27 х 100 = 11.1% 
16.0 » 
Percentage of oxygen = xc 100 = 88.9%. 


Note that the percentage of each element is found 
from the expression: 
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Total wt. of element present _ % 


а f el t. 
Molecular wt. of compound Тат 


ЕхАМРГгЕ 2: What is the percentage composition of 
sulfuric acid, H;SO,? 


SOLUTION: 
No.of Atomic Total 
Atoms Weight Weight 
Hydrogen: 2 1.0 2.0 
Sulfur: 1 32-1 gon 
Oxygen: 4 16.0 64.0 
Molecular weight of H»SO,: 98.1 
Percentage of hydrogen — si 100 22:095 
Percentage of sulfur = S X 100 = 32.7% 
64.0 
Percentage of oxygen = ЭЕТ X 100 = 65.3% 


EXAMPLE 3: Find the percentage of oxygen in cal- 
cium nitrate, Ca (NO;)2. 


SOLUTION: 
No.of Atomic Total 
Atoms Weight Weight 
Calcium: 1 40.1 40.1 
Nitrogen: 2 14.0 28.0 
Oxygen: 6 16.0 96.0 
Molecular weight of Ca(NO3) 2: 164.1 
Percentage of oxygen = i X 100 =58.5%. 


Note particularly how the number of atoms of 
each element was obtained. 


EXAMPLE 4: An iron ore field contains ferric oxide, 
Ее,Оз, also known as hematite, mixed with rock 
which bears no iron. Naturally, both hematite and 
rock are scooped up in the giant shovels used in 
mining the ore. Samples taken at various spots in 
the ore field show that the field contains 8096 
hematite and 2096 rock. Find the weight of pure 
iron in one ton of this ore, and the percentage of 
iron in the ore field. 


SOLUTION: (1) Wt. of Fe3Os per ton of оге: 
2,000 X 0.80 = 1600 Ibs. of Fe;Os per ton of ore. 
(2) Percentage of Fe in ЕеОз: 


No. of Atomic Total 


Atoms Weight Weight 
Iron: 2 55.9 111.8 
Охуреп: Е. 16.0 48.0 


Molecular weight of Fe;Os: 159.8 


111.8 


Percentage of Fe = ——— 100 = 70% 


159.8 
(3) Wt. of Fe per ton of ore: 


1600 X 0.70 = 1120 lbs. of Fe per ton of ore. 


(4) Percentage of Fe in the field: 


1120 4 
7000 * 100 = 56.0% Fe in the ore field. 


Example 4 shows how percentage composi- 
tion problems may be a part of many different 
varieties of practical problems. Such fields as 
analytical chemistry, metallurgy, mining, min- 
erology, and geology all make use of calcula- 
tions of this type. 


COMPUTATION OF FORMULAS 


If we know the percentage composition of 
à compound, we can compute the simplest 
formula of the compound. As we have seen, 
a formula is a ratio of the number of atoms of 
each element present in the compound. The 
simplest formula gives this atomic ratio in terms 
of the smallest whole numbers of cach type of 
atom present. For example, the true formula of 
hydrogen peroxide is Н.О). Its simplest form- 
ula would be HO. In general, the simplest 
formula isthe true formula for all electrovalent 
compounds. In covalent compounds, where 
the formula represents the composition of the 
molecule of the compound, the true formula 
is cither the same as the simplest formula, or it 
is some whole number multiple of it. We will 
learn how to calculate true formulas later, but 
for now, let us concentrate on finding the sim- 
plest formula of a compound. 
ExAMPLE 5: À compound is analyzed and found to 


contain 75% carbon and 2596 hydrogen. Find its 
simplest formula. 


SoLuTIon: Since each different type of atom con- 
tributes to the total weight of the compound in 
parcels of weight equal to its own atomic weight, 
we can divide the weight percent of a given element 
by its atomic weight to get the relative number of 
atoms of the element contributing to the total 
weight percent. For the compound under considera- 
tion this would be: 
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p. 2 
Carbon: т = 6.25 


Hydrogen: 2 = 25.0 


"Thus we have 6.25 carbon atoms for every 25 hydro- 
gen atoms in this compound. To reduce these num- 
bers to the simplest whole numbers, we divide each 
by the smaller. The entire calculation would then 
be as follows: 


75 соса 
Carbon: apt 6.25; 62; 7 1, 

Moa I 
Hydrogen: M -25; HI = 4, 


Therefore, the simplest formula of this compound 
is CH,. 

ExaMPLE 6: A compound contains 21.6% sodium, 
33.3% chlorine, and 45.17 oxygen. Find its simplest 
formula. 


SOLUTION: 
Sodium: 214 = 0.95; 995 =], 
Chlorine: E = 0.94; oo =1. 
Oxygen: - = 2.82; E = 3. 


Therefore, the formula of this compound is NaCIO;. 


ЕхАмМРгЕ 7: Some crystalline solids have molecules 
of water forming part of their crystal structure, 
Such solids are known as hydrates. Ordinary house- 
hold washing soda, made up of sodium carbonate 
and water, is a typical hydrate. The percentage of 
water present can be found by measuring the loss in 
weight of a hydrate sample dried in a hot oven. A. 
20.00 g. sample of. washing soda is dried in an oven. 
After drying it is found to weigh 7.57 g. Compute: 
(a) The percentage of water in washing soda, 

(b) The formula of washing soda. 


SOLUTIONS - 


(a) Percentage H,O = loss in wt. y 100 = 


original wt, 
20.00-7.57 — 
“Soup "Ew 62.15%, 
(b) The percentage of NazCOs is 100% — 62.15% 
= 37.85 % 
N- ow wor a 
Na;COg: 106 = 0.357; 0.357 om! 1, 
Sb - = И Ай 
Н.О: 18.0 = 3.45; 0.357. — 10, 


(to the nearest whole number) 
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Therefore, the formula of washing soda must indi- 
cate 1 part of Na:CO; and 10 parts of H:O. Its 
formula is written as follows: NazCO3° 10H20. This 
is the standard method of writing the formula of a 
hydrate. It indicates that the crystal contains 10 
moles of water for every mole of sodium carbonate. 
Note particularly that since a molar ratio of constit- 
uents was sought, the molecular weights of each 
constituent were used in finding the molar ratio. 


WEIGHT RELATIONSHIPS 
IN EQUATIONS 

We have seen that chemical equations tell 
us the number of moles of each substance in- 
volved in a given reaction, For example, the 
equation for the rusting of iron, 

4 Fe +3 О = 2 Fe0s, 
tells us that iron combines with oxygen in a 
ratio of 4 moles of iron to 3 moles of oxygen, 
and that 2 moles of iron oxide are produced 
for every 4 moles of iron entering the reaction. 

These molar ratios, in turn, indicate the ratio 
of weights of each substance involved. The 
equation tells us that iron and oxygen combine 
in a ratio of (4 X 55.9) parts by weight of iron 
to (3 X 32) parts by weight of oxygen, and 
that (2 X 159.8) parts by weight of iron oxide 
are thereby produced in this reaction. When 
we multiply the coefficient of a substance in a 
balanced equation by the formula weight of 
the substance, we obtain a quantity known as 
the equation weight of the substance. The 
actual weight of substances involved in 2 
chemical reaction are in the same ratio as 
their equation weights. 

"Therefore, if we know the balanced equation 
for a reaction, and the actual weight of any one 
substance involved in the reaction, We can find 
the actual weight of any other substance partic- 
ipating in the reaction from the following pro- 
portion: 

Actual wt. of one substance __ 
Its equation weight 
Unknown actual weight 
Its equation weight . 
Let us look at an example involving the finding 
of actual weights, 
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Exam te 8: 27.95 g. of iron are oxidized completely. 

(a) What weight of oxygen combined with the 
iron? 

(b) What weight of iron oxide was produced? 
SoLuTION: First we write the balanced equation for 
the reaction and place the equation weight of each 
substance involved below its formula as follows: 


4Fe + 3 О» = 2 Fe20; 
4 X 55.9 dax 032 2 X 159.8 


Part a: Substituting in the expression above to find 
the actual weight of oxygen we have: (Let x repre- 
sent the unknown wt.) 


foe 
223.6 96 
_ 27.95 x 96 
223.6 
x = 12.0 g. of oxygen. 
Part b: Substituting in the expression above to find 
the actual weight of iron oxide we have: 


27. 4 
22349] 7 339.6 
_ 27.95 X 319.6 
223.6 
x = 39.95 р. of iron oxide. 
The steps, then, in solving this type of problem are: 
1. Write the balanced equation for the reaction. 
2. Find the equation weights of the substances 
concerned. 

3. Equate the ratios of actual weights to equation 
weights for each of the substances, and solve 
for the unknown actual weight. 


EXAMPLE 9: Sodium hydroxide, NaOH, may be pre- 
pared by treating sodium carbonate, Na;CO;, with 
calcium hydroxide, Са(ОН), according to the fol- 
lowing equation (skeleton): 

NaCO; + Са(ОН), = NaOH + СаСО}. 


What weight of NaOH can be produced from 74.2 
g. of Na,CO;? 
SoLurIoN: Balanced equation: 


NasCO; + Са(ОН), = 2 NaOH + СаСОз 
1 X 106 2 X 40 


Therefore: 


106 80 
_ 74.2 х 80 
ENT 

x= 56 g. of NaOH. 


Notice that it is assumed that there is sufficient 
calcium hydroxide present to react with all of the 
sodium carbonate. If any excess calcium hydroxide 
is used, it will remain unchanged, for the sodium 
carbonate is the limiting reactant in this case. 


Problem Set No. 5 


1. The formula of hydrogen gas is known to be 
Hə. Equal volumes of hydrogen and nitrogen gas 
are weighed at the same temperature and pres- 
sure. The nitrogen gas weighs 14 times as much 
as the hydrogen. What is the formula of nitro- 
gen gas? 

2. Find the percentage composition of sugar, 

Ci; H5301,. 

3. Find the percentage of copper in hydrated cop- 
per sulfate, CuSO, · 5H2O. 

4. A sample of impure NaCl is found to contain 
58% Cl. What is the percent purity of the sam- 
ple? 

5. A compound contains 52.9% Al and 47.1% O. 
Find its formula. 

6. 50.88 g. of copper combine with 12.84 g. of sul- 
fur. Find the formula of the compound formed. 

7. Balance the following equations: 


(a) NaCl + H5SO, = Na;SO, + HCI. 
(b) NH, E О» == М» Еа Н.О. 
(с) ZnS AP Os = ZnO + 50». 
(9) СН» JF O: = CO; es H.O. 
(e) Саз(РО,)» a SiO; ae C = Са51О; ES CO 
ap lee 
8. Lime, CaO, is prepared commercially by heating 
limestone, СаСОз. The equation is: 


СаСОз = CaO + COs. 


What weight of lime could be obtained by heat- 
ing 500 lbs. of limestone? 


9. Potassium nitrate, KNO3, decomposes when 
heated according to the following skeleton equa- 
tion: 

КМО, = KNO, SP Os 

(a) Balance the equation. 

(b) How many moles of Os will be formed from 
12 moles of KNO;? 

(c) What is the name of KNO»? (See Table 
XII, p. 37) 

(d) What weight of КМО, will be formed by 
heating 12 gram-moles of KNO3;? 

10. Nitrogen and hydrogen combine in the presence 
of a catalyst to form ammonia, NHia, according 
to the equation: 
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N: + 3H; = 2 NH}. 


280 g. of № and 100 g. of Н» are admitted to a 
reaction chamber. 
(a) Which of the two substances is the limit- 
ing reactant? 
(b) How many moles of limiting reactant are 
present? 
(c) How many moles of excess reactant are 
in excess? 
(d) How many moles of NH, can be pro- 
duced? 
(e) What weight of NH; can be produced? 


SUMMARY 


Law of Conservation of Matter: Matter 
is neither created nor destroyed during chemi- 
cal change. 

Law of Definite Proportions: A given 
compound always contains the same elements 
combined in the same proportions by weight. 


Avogadro's Hypothesis: Equal volumes of 
gases measured at the same temperature and 
pressure contain the same number of molecules. 

An equation is a statement of a chemical 
change using chemical symbols. It must be 
balanced with coefficients so that it obeys the 
Laws of Conservation of Matter and Definite 
Proportions. 

Coefficients give the molar proportions of 
reactants and products in chemical reactions. 

Percentage composition is the weight 
percent of each element present in a com- 
pound. 

The simplest formula of a compound gives 
the ratio of the number of atoms of each ele- 
ment present in a compound in terms of the 
smallest whole numbers. 

The actual weights of substances involved 
in a chemical reaction are in the same ratio as 
their equation weights. 


CHAPTER 6 


GASES 


Matter exists in three physical states: gaseous, 
liquid, and solid. A gas has no internal bound- 
ary. It expands to fill any container completely 
regardless of the size or shape of the container. 
A liquid has one internal boundary, its surface. 
It fills its container below its surface regardless 
of the shape of the container. A solid is rigid, 
that is, it bounds itself internally in all dimen- 
sions. It needs no external container. 

The properties of these three states of matter 
are related to our concept of the structure of 
matter, and a study of them will help us become 
more familiar with the chemical behavior of 
matter. Let us first turn our attention to the 
gaseous state. 

PRESSURE 

The pressure of a gas is the force it exerts on 
a unit surface area. Pressure is measured with 
an instrument known as a barometer. This 
instrument consists of a glass tube about one 
meter long sealed at one end. It is filled com- 
pletely E liquid mercury. The open end is 
then immersed in a dish of mercury by placing 
a thumb over the open end, inverting the tube, 
dipping the open end of the tube under the sur- 
face of mercury in the dish, and removing the 
thumb. The mercury then flows down in the 
tube until the pressure of the column of mer- 
cury in the tube is exactly equal to the pressure 
of air on the surface of the mercury in the dish. 
A void known as a vacuum is left in the sealed 
end of the tube. 

Since the height of the mercury column de- 
pends upon the pressure of the air, the measure- 
ment of this height (See Fig. 17) gives an in- 
dication of the air pressure. At sea level, the 
average air pressure supports a column of mer- 
cury 760 mm., or 29.92 in., high. This pressure 
is called standard pressure. 

If, at a given temperature, a gas is compressed, 
the volume of the gas will decrease. The Eng- 
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760 | 29.92 
m m. in, 


Fig. 17. Mercury Barometers 


lish scientist BOYLE studied this phenome- 
non carefully and found that at a given tem- 
perature, the volume occupied by a gas is 
inversely proportional to the pressure. 
This is known as Boyle’s Law. Stated as an 
equation this would be: 


E 1 
P-k Vv (1) 
where: 
P — pressure of a gas sample. 
V — volume of a gas sample 
k — a constant. 
‘Pheretore: 
PV=k (2) 


So we see that, at a given temperature, the prod- 
uct of the pressure and volume of a gas must 
be constant. If the pressure is increased, the 
volume must decrease to maintain the constant 
product. For a given gas sample to be studied 
under different pressures, the following expres- 
sion must hold: 


PIV = PoV (3) 


where: 


P, = original pressure of a gas sample. 
У; = original volume of the sample. 
Р» = new pressure of the sample. 

У, = new volume of the sample. 


If we know the volume of a gas at one pressure, 


48 Chemistry Made Simple 


we can find the volume at any other pressure 
by using equation (3). 


TEMPERATURE 


Temperature is measured with an instrument 
known as a thermometer. A thermometer 
consists of a glass tube of small, uniform bore 
with a bulb blown in one end. It is filled com- 
pletely with mercury at a temperature slightly 
above the temperature at which it is to be used, 
and then sealed off. As the mercury cools, it 
contracts down into the tube, leaving a vacuum 
in the upper part of the tube. The thermometer 
must then be calibrated with known reference 
temperatures. The freezing point and boiling 
point of water are standard reference points. 
The thermometer is first immersed in melting 
ice, and the position of the end of the mercury 
column is marked with a line. The thermometer 
is then suspended in steam rising from water 
which is boiling at an atmospheric pressure of 
760 mm., and the position of the end of the 
mercury column is again marked with a line. 
The distance between these two lines is then 
divided into equal lengths called degrees. The 
size of each degree depends upon the scale of 
temperature to be used. 

There are two common temperature scales, 
centigrade and fahrenheit. In the centigrade 
scale, denoted as °C., the freezing point of 
water is called 0° C., and the boiling point of 
water is called 100° C. Thus, this scale has 100 
degrees between the two standard reference 
points. The centigrade scale is used in all scien- 
tific work. 

In the fahrenheit scale, denoted °F., the 
freezing point of water is called 32° F., and the 
boiling point of water is called 212° F. Thus, 
in this scale there are 180 degrees between the 
two standard reference points. The fahrenheit 
scale is used in the home and in industry. The 
two temperature scales are related by the fol- 
lowing expression: 


BI + °С. + 32, 


| 


This expression can be used to convert a tem- 
perature from one scale to another. 


ABSOLUTE SCALE 


: 


Fig. 18. Comparison of Temperature 
Scales 

The French scientist CHARLES, in studying 
the relationship between the volume of a gas 
and its temperature, discovered that the volume 
of a gas increases by 1/273 for each degree 
centigrade its temperature is increased. From 
this he reasoned that a temperature of —273° С. 
was the lowest possible attainable temperature. 
He called this temperature absolute zero, and 
established the absolute temperature scale 
which is related to the centigrade scale as fol- 


lows: 

"A = °С + 273. (5) 
This expression is used in finding the absolute 
temperature when the centigrade temperature 
is known. 

CHARLES’ studies led to the discovery that 
at a given pressure, the volume occupied by 
a gas is directly proportional to the abso- 
lute temperature of the gas. This is known 
as Charles Law. Expressed as an equation 
this is: 

VERN (6) 
where: 
V = volume of the gas sample. 
T = absolute temperature of the gas sample. 
k = a constant. 
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Solving this expression for k, we find that the 
ratio of the volume of a gas to its absolute tem- 
perature is a constant: 


V 

Tp k. (7) 
Thus, for a given gas sample, if the temperature 
is changed, this ratio must remain constant, so 
the volume must change in order to maintain 
the constant ratio. The ratio at a new tempera- 
ture must be the same as the ratio at the original 
temperature, so: 


ram 7А 


wir a s 


where: 


V4 = original volume of sample of gas. 
Т, = original absolute temperature. 
У, = new volume of the sample. 
„ = new absolute temperature of the sample. 


If we know the volume of a gas at one absolute 


temperature, we can find its volume at any 
other temperature by using equation (8). 


COMBINED GAS LAW 


Boyle's Law and Charles' Law may be com- 
bined into one expression as follows: 


DT x (9) 
This expression is known as the Combined Gas 
Law. The temperature and pressure at which 
the volume of a gas is measured are known as 
the conditions of measurement. When the 
volume of a gas is known at one set of condi- 
tions, its volume at a new set of conditions can 
be found with the Combined Gas Law. Solving 
equation (9) for the new volume, we have: 


(10) 


This tells us that the new volume of the gas 
equals the old volume multiplied by two cor- 
rection factors, one for pressure and the other 
for temperature. Note the following very 
closely. If the new pressure is greater than the 
original pressure, the effect on the volume will 
be to make it smaller. Therefore, the pressure 


correction must be a fraction smaller than 1. 
Similarly, a new pressure less than the original 
will cause the gas to expand, thus making the 
correction greater than 1, With temperature, 
it works the other way. If the new temperature 
is higher than the original, the effect is to expand 
the gas. Thus the temperature correction must 
be greater than 1. If the new temperature is 
less than the original, the gas will contract, and 
the correction must then be less than 1. Always 
think through problems of this type before sub- 
stituting into equation (10). This will help you 
avoid careless mistakes. Let us go through an 
example. 


EXAMPLE 1: A gas sample occupies 250 cc. at 27° С. 
and 780 mm. pressure. Find its volume at 0° C. and 
760 mm. pressure. 


SoLuTIoN: First the temperatures must be converted 
to the Absolute Scale by adding 273° to each: 
Т; = 27 + 273 = 300° A. 
T= 0+273 =273° А. 
Now, in the problem: 
Temperature decreases, therefore volume de- 
creases, therefore temperature correction must be 
less than 1. 


Similarly, 
Pressure decreases, therefore volume increases, 
therefore pressure correction must be greater than 
1. 


Ў 273 780 
Therefore: y, = 250 x Em X в 
Check this with equation (10)! 
Solving: 

V. = 234 cc. 


Experiment 8: Hold your thumb on the end of a 
small hand bicycle pump, and pump the handle vig- 
orously a few times with as much pressure as your 
thumb can hold. Feel the lower portion of the pump. 
Do you feel the increase in temperature? Repeat the 
pumping process, and this time feel the upper part 
of the pump. Do you note any cooling? The ratio 
of P to T for any gas must remain constant. At the 
lower end, where the pressure is increased, the tem- 
perature must also rise, and at the upper end, where 
the pressure is lowered, the temperature also drops. 


STANDARD CONDITIONS 
It can be seen from the previous discussion 
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that a statement of the volume of a gas without 
specifying the conditions under which it is 
measured is meaningless. All gases fill their con- 
tainers completely. For example, if we have a 
mixture of oxygen, nitrogen, and carbon di- 
oxide gases and put a sample of this mixture in 
a one-cubic foot container, how much, by 
volume, of each gas will be present? The 
answer is, one cubic foot of each, for each will 
fill the container. Thus we have a situation 
where: 


1 cu. ft. of О» + 1 cu. ft. of Ne + 1 cu. ft. of CO; = 
1 cu. ft. of mixture. 


This sounds absurd, but it is absurd only be- 
cause we are talking about volume of gases 
without specifying the conditions. 

In order to compare gas volumes, a set of 
standard conditions has been established. The 
standard temperature is the freezing point of 
water. The standard pressure is the average 
pressure at sea level. Table ХШ summarizes 
standard conditions in various units. 


Table XIII 
Standard Conditions 


Temperature 


Pressure 
760 mm. 
29.92 1п. 
1.000 atmospheres 


CELO 
227 MD 
272 1. 


LAW OF PARTIAL PRESSURES 


Dalton's Law of Partial Pressures states that 
the total pressure of a mixture of two or 
more gases which do not chemically com- 
bine is the sum of the partial pressures of 
each. [n a mixture of gases, each gas exerts the 
same pressure as if it occupied the volume alone. 
Since, in a given gas mixture, the temperature 
of the gases is the same and all fill the same con- 
tainer, the relative amount of each gas present 
is indicated by its partial pressure. For example, 
it is usually stated that air 1s composed of ap- 
proximately 21% oxygen by volume and 


79% nitrogen by volume. This actually means 
that the partial pressure of oxygen in air is 21% 
of the total air pressure, and that the partial 
pressure of nitrogen in air is 79% of the total 
air pressure. Thus we see that the volumetric 
composition of a gas mixture is indicated by the 
partial pressures of the constituents. 

Insoluble gases are frequently collected by 
bubbling them into a container full of water 
to displace the water with the gas. In this proc- 
ess the gas sample becomes saturated with 
water vapor. The total pressure of the collected 
gas is the sum of the pressure of the dry gas and 
the pressure of the water vapor. The amount 
of dry gas collected can be found only after the 
vapor pressure of water at the temperature of 
collection is subtracted from the total gas pres- 
sure. Thus, Dalton's Law of Partial Pressures 
enables us, in a sense, to dry a gas by arithmetic. 
EXPERIMENT 9: Select a wad of steel wool large 
enough to stick in the bottom of a jar when wet. 
Thoroughly moisten the steel wool in vinegar, press 
it into the bottom of the jar, and then invert the jar 
into a basin of water so as to entrap the air in the jar. 
If possible, clamp the jar in place. You will observe 
the rusting taking place in the steel wool, and the 
rising of the water in the inverted jar. In rusting, the 
steel removes oxygen from the air, thus reducing 
the pressure of the entrapped air, and permitting 
water from the basin to replace the oxygen. If the 
experiment is permitted to stand overnight, you will 
observe that the effect occurs only to a definite ex- 
tent. When about one-fifth of the air has been re- 
placed by water, the action will cease. This proves 
that air is made up of more than one gaseous sub- 
stance, and that the total pressure is the sum of the 
partial pressures of each. 

Table XIV gives the vapor pressure of water 
in mm. of mercury at various temperatures. 


Now let us look at an example incorporating 
all the relationships studied thus far in this 
chapter. 


EXAMPLE 2: 500 cc. of a gas are collected by the dis- 
placement of water at a temperature of 77° F. and a 
pressure of 748.8 mm. of mercury. Find the volume 
of the dry gas at standard conditions. 


SoLurioN: To use Table XIV we need the centigrade 
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Table XIV 


Vapor Pressure of Water 


Temp. Press. 
іп °С іптт. 


5523 
71.9 
92.5 
149.4 
2999 
355m 
525.8 
760.0 
116597 
64432.8 


Temp. Press. 
іп °С in mm. 
0 4.6 22 

5 6.5 23 
10 9.2 24 
pee 1258 25 
16% *13.6 26 
m 15:5 27 
ogy 15.5 28 
19 16.5 29 
ай 30 
21 18.6 35 


Temp. Press. 
їл °С inmm. 


19.8 40 
Zl 45 
22.4 50 


23.8 60 
29-2 70 
26.7 80 
28.3 90 
30.0 100 
31.8 200 
42.2 300 


temperature of the gas. From Equation (4), р. 48: 


7= 2 C+32 


C= 3 (77—32) 225* C. 


From Table XIV we find that the vapor pressure of 
water at 25° C. is 23.8 mm. Therefore the pressure of 
dry gas is: 

748.8 — 23.8 — 725 mm. 


Standard conditions are 0* C. and 760 mm. pressure. 
Converting our temperatures to the absolute scale 
we have: 


Ty = 25 + 273 = 298° A. 
T= 0+ 273 =273° А. 


Temperature decreases, therefore correction factor 
is less than 1. 
Pressure increases, therefore correction factor is 
less than 1. Thus: 

ЕЗ 6925 


Уз = 500 х 598 Х 760 = 437 cc. of dry gas. 


Problem Set No. 6 


. Convert 30" C. to °F. 

. Convert 68° F. to °C. 

. Convert 95° F. to °A. 

. 500 cc. of gas at 770 mm. pressure are compressed 
to 1540 mm. pressure, at constant temperature. 
Find the new volume of the gas. 

950350 ес. оса at 47". Cate heated to-188* (С. at 

constant pressure. Find the new volume of the 

gas. 


pwn ма 


6. A sample of gas at 20° C. and 750 mm. pressure 
is heated to 252° C. while the volume is held 
constant. Find the new pressure of the gas. 

7. The volumetric analysis of a sample of gas leav- 
ing a smoke stack is as follows: 


10.8% СО, 2.2% CO 4.5% Оз 82.5% Nz 


The pressure of the gas sample is 750 mm. Find 
the partial pressure of each of the constituents. 
8. 150 cc. of a gas are collected at 22° C. and 740 
mm. pressure. Find the volume of the gas at 
standard conditions. 
9. A gas occupies 330 cc. at standard conditions. 
Find its volume at 86° F. and 30.40 in. pressure. 
10. 400 cc. of gas are collected over water at 24° С. 
and 767.4 mm. pressure. Find its volume at stand- 
ard conditions when dry. 


KINETIC MOLECULAR THEORY 


Some of the principal general properties of 
gases may be listed as follows: 


1. Gases are compressible. 

2. Gases fill any container. 

3. Different gases mix completely. 

4. Gases expand on heating. 

5. Gases do not settle in their container. 


The Kinetic Molecular Theory was devel- 
oped as scientists attempted to find an explana- 
tion of these properties. According to this 
theory, gases consist of tiny, discreet molecules. 
In gases, these molecules are relatively far apart 
with empty space between them. This explains 
the ease with which gases can be compressed. 
The gas molecules are in constant, rapid 
motion. They move in straight lines until they 
collide with other molecules, or with the walls 
of the container. This explains the filling of 
containers by gases and the mixing of gases. 
The moving gas molecules, in colliding with 
the walls of the container cause the pressure on 
the container. A given pressure is the result of 
the number of such collisions in a unit time. 
Gas pressure is increased by: 


a. Forcing more gas into the container— 
thus increasing the number of collisions per 
unit time. 

b. Decreasing the volume of the gas—thus 
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shortening the average distance between the 
molecules and thereby increasing the number 
of collisions per unit time. 

c. Heating the gas in a closed container— 
thus increasing the speed of the molecules and 
thereby increasing the number of collisions per 
unit time. 


The speed of the moving molecules is the re- 
sult of the kinetic energy (energy of motion) 
they possess. This kinetic energy is increased 
by heating the gas and decreased by cooling it. 
The Kinetic Molecular Theory suggests that 
the collisions between the gas molecules with 
other molecules or with the walls of the con- 
tainer are perfectly elastic—that is, they take 
place without loss of energy either through 
friction or through any other means. If there 
were energy losses as a result of these collisions, 
a loss in kinetic energy would result, and the 
gas would ultimately settle in its container. The 
concept of elastic collisions explains the fact 
that gases do not settle. 


IDEAL GASES 


An ideal gas is one which follows the gas 
laws perfectly. Such a gas is non-existent, for 
no known gas obeys the gas laws at all possible 
temperatures. Consider for a moment what 
would happen if we were to cool a gas to abso- 
lute zero. The gas would vanish! 


P, 0 
X gi 
JD dr RSEN 
This, of course, does not happen in nature. 
'There are two principal reasons why real gases 


do not behave as ideal gases: 


У = Vi х 


1. The molecules of а real gas have mass, ог 
weight, and the matter thus contained in them 
‘annot be destroyed. 

2. The molecules of a real gas occupy space, 
and thus can be compressed only so far. Once 
the limit of compression has been reached, 
neither increased pressure nor cooling can 
further reduce the volume of the gas. 


In other words, a gas would behave as an ideal 


gas only if its molecules were true mathematical 
points—that is, if they possessed neither weight 
nor dimensions. However, at the ordinary 
temperatures and pressures used in industry or 
in the laboratory, molecules of real gases are so 
small, weigh so little, and are so widely sepa- 
rated by empty space, they behave almost as if 
they were mathematical points—that is, they 
follow the gas laws so closely that any devia- 
tions from these laws are insignificant. Never- 
theless, it should be borne in mind that the gas 
laws are not strictly accurate, and results ob- 
tained from them are really close approxima- 
tions. 


DENSITY OF GASES 


The absolute density of a gas is the weight 
in grams of one milliliter of the gas at standard 
conditions. Compared with liquids and solids, 
gases have very low density. This is the result 
of the relatively large amount of empty space 
between gas molecules as suggested by the 
Kinetic Molecular Theory. Hydrogen has a 
density of 0.00009 g./ml. Oxygen has a density 
of 0.001429 g./ml. These figures are found ex- 
perimentally by finding the actual weight of a 
known volume of a gas sample at known tem- 
perature and pressure conditions. The density 
is then computed with the aid of the Combined 
Gas Law. Let us look at an example. 

EXAMPLE 3: 564.3 ml. of chlorine gas at 27° C. and 
740 mm. pressure weigh 1.607 g. Find the density of 
chlorine. 

SoLuTion: First the volume must be reduced to stand- 
ard conditions. 


a 273 740 
У, = 564.3 X —— 300 x 760. 


The weight of chlorine, of course, is not changed, 
for we are still dealing with the same amount of it. 
Density is the weight of one ml. of the gas at stand- 
ard conditions. Since 500 ml. of chlorine at standard 
conditions weigh 1.607 g., we can find the weight of 
1 ml. with a simple proportion thus: 


= 500 ml. 


500 1 
1.607 X 
x = 0.003214 g. 
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Therefore, the density of chlorine is 0.003214 g./ml. 


Since the absolute densities of gases involve 
such small numbers, they are commonly com- 
pared with the density of air, Such a compari- 
son, indicating the number of times a gas is more 
dense than air, is called the relative density of 
the gas. Table XV gives the absolute and rela- 


tive densities of several common gases. 


Helium — —0.00018 g./ml 
Hydrogen 0.00009 g./ml. 
Hydrogen rate _ 


Therefore: 
a [0.00018 00018 _ 
" Helium rate - 0.00009 


Thus, hydrogen diffuses 1.4 times as fast as helium. 


y 2-214 


This law was put to use in the early work of 


preparing d the original кые Bomb. Uranium 


Table XV 
Density of Gases 


Formula 


С.Н, 


Gas 


Acetylene 

Air 

Carbon dioxide 
Carbon monoxide 
Chlorine 

Helium 
Hydrogen 
Nitrogen 
Oxygen 


Sulfur dioxide 


Absolute Density 
in g./7l. 
0.001173 
0.0012929 
0.0019769 
0.0012504 
0.003214 
0.00017847 
0.00008988 
0.00125055 
0.001429 
0.002927 


Relative Density 
Air = 
0.9073 
1.0000 
1.5290 
0.9671 
2.486 
0.13804 
0.06952 
0.9672& 
0727 
2.2638 


“Source: Handbook of Chemistry and Physics. 


LAW OF DIFFUSION 

Gas molecules are small enough to diffuse 
through such porous materials as unglazed por- 
celain and natural rubber. The English scien- 
tist GRAHAM discovered that the rates of dif- 
fusion of gases are inversely proportional 
to the square roots of their densities, when 
the gases are at the same temperature and pres- 
sure. This is known as Graham's Law of Dif- 
fusion. Expressed as an equation this would be: 
Tater _ NT 


rates density; 


This law is particularly useful in comparing 
rates of diffusion of different gases. Let us look 
at an example. 

ExAMPLE 4: How much faster will hydrogen diffuse 
than helium? 

SoLurioN: From Table XV we find the densities: 


metal was combined with fluorine to form the 
gas UF,. Molecules of this gas containing the 
isotope of uranium of atomic weight 235 (U- 
235) diffused slightly more rapidly through a 
porous membrane than molecules of the gas 
containing uranium isotopes of atomic weight 
238 (U-238). By repeated diffusions, U-235, 
the bomb material, was separated from the use- 
less U-238. 


GRAM MOLECULAR VOLUME 


From the density of a given gas, we can find 
out what volume a gram-mole of the gas would 
occupy at standard conditions through the use 
of asimple proportion. For example, in the case 
of hydrogen this would be: 


0.00009 g./ml. 
2.016 g. 


Density of hydrogen 
Gram molecular weight 
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0.00009 — 2.016 
1 к Xx 
x = 22,100 ml. = 22.4 liters. 


Similar calculations for the other gases yield 
approximately the same results. Thus, we may 
conclude that for any gas, the volume oc- 
cupied at standard conditions by one gram- 
mole of the gas is 22.4 liters. 

This is a significant fact, for now we can see 
that when we speak about a mole of a gas, we 
are referring to both a definite weight of a gas 
(its molecular weight) and a definite volume 
of it at standard conditions (22.4 liters). This 
dual meaning of the mole is one of the most im- 
portant concepts in chemistry. 


AVOGADRO’S NUMBER 

We have seen that Avogadro’s Hypothesis 
states that equal volumes of gases contain equal 
numbers of molecules. Since, at standard condi- 
tions, one gram-mole of any gas occupies the 
same gram molecular volume, one gram-mole 
of every molecular substance must contain the 
same number of molecules. This number has 
been found by a variety of experimental 
methods. It is 6.023 Х 10?. As you can see, 
this is a very large number. It is called Avoga- 
dro’s Number. From it we can find the actual 
weight of a molecule of a substance. For ex- 
ample: 

6.023 X 1023 molecules of О» weigh 32 g. 

Therefore: 1 molecule of О» weighs: 


€— = 5.31) «10-95 g. 
This is: 

0.000 000 000 000 000 000 000 053 1 grams. 
Since the molecule of oxygen contains 2 atoms, 
each atom of oxygen must weigh half this 
amount, or 2.65 X 107” grams. Amazing as it 
may seem, numbers like this are very important 
in science. 


FINDING MOLECULAR WEIGHTS 
To find the molecular weight of a substance, 


we simply weigh a known volume of it in the 
gaseous state at known temperature and pres- 
sure, reduce the volume to standard conditions, 
and then calculate the weight of 22.4 liters at 
standard conditions using a simple proportion. 
The direct weighing of gases is often quite dif- 
ficult. Therefore, in actual practice, a solid or 
liquid substance which will decompose to pro- 
duce the desired gas is weighed both before and 
after decomposition. The loss in weight is then 
the weight of the gas. Oxygen can be formed 
by heating solid compounds such as potassium 
chlorate, KCIO,. Carbon dioxide can be pro- 
duced by heating calcium carbonate, СаСО}. 
Sulfur dioxide can be formed by treating solid 
sodium sulfite, Na,SO,, with an acid. 

Let us look at typical experimental results 
obtained in a laboratory in attempting to find 


the molecular weight of oxygen by heating 
ClO... 


EXAMPLE 5: 7.00 g. of KCIO; are heated until 1.55 
liters of oxygen are produced at 27° С. and 756 mra 
pressure. The КСІОз residue then weighs 5.00 
Find the molecular weight of oxygen. 


SOLUTION: 
Weight of oxygen: 7.00 — 5.00 — 2.00 g. 
Volume of oxygen at standard conditions: 


2205 756 
У, = = 1.55 X —— 7300 x 7760. 
Therefore, by proportion, the molecular weight 


of oxygen is: 


= 1.40 liters. 


1.40 22.4 
O mx 
27d 5 
юрар" — 32.0 g. 


TRUE FORMULAS 


We saw in the last chapter that we could 
compute the simplest formula of a substance if 
we knew its percentage composition. How- 
ever, we were unable to find the true formula of 
molecular compounds. The true formula 
gives the exact number of atoms of each ele- 
ment ina molecule of the substance. For molec- 
ular substances, the true formula must show 
two things: 


Chemistry Made Simple 55 


1. The ratio of the number of atoms of each 
element present. 

2. The molecular weight of the substance 
(the sum of the atomic weights in the 
formula). 


Therefore, in order to find the true formula 
of a substance we must know both its percent- 
age composition and its molecular weight. Let 
us look at an example to see how true formulas 
may be found. 

EXAMPLE 6: 500 ml. of a gaseous substance at stand- 
ard conditions weigh 0.58 g. The substance contains 


92.31% carbon and 7.69% hydrogen. Find its true 
formula. 


SOLUTION: First, we find the molecular weight, that 
is, the weight of 22.4 liters of the substance at stand- 
ard conditions. 


500 _ 22400 
oem „у 
22400 х 0.58 
xc 8268. 


The molecular weight of the substance is thus 26. 
Next, we find the simplest formula: 


7.69 _ 7.69 _ 
Hydrogen: =т= 7.69; zg F E 
ona 7.69 _ 
Carbon: 7199 = 7.69; 7.69 = 


Thus, the simplest formula is C,H, or simply CH. 
The weight represented by this simplest formula is 
12+1= 13. 
If we divide the true molecular weight by the 
formula weight of the simplest formula we get the 
number which must multiply each of the sub- 


scripts in the simplest formula to give the true : 


formula. Thus: 
26 
T s 
Therefore, the true formula is: C2H2. 
Checking its weight we see that the formula weight 
is now 24 + 2 = 26, which equals the molecular 
weight of the substance. 


= 2. 


WEIGHT-VOLUME RELATIONSHIPS 


Since, for gases, the mole represents both a 
weight and a volume, we can apply this concept 
to equations to find out the volumes at standard 
conditions of gaseous reactants or products. 


Let us look at an example. 


EXAMPLE 7: Oxygen is liberated from potassium 
chlorate by heat according to the equation: 


2 KCIO; = 2 KCl + 3 O; 

What volume of О» at standard conditions can be 
produced by the complete decomposition of 6.13 g. 
of KCIO;? 

SOLUTION: From the equation we see that 2 moles of 
KClO, form 3 moles of О», or, in other words, for 
every mole of KCIO; lecomposed 3/2 moles of O; 
are formed. A mole of KClO; weighs 122.6 g. (Gum 
of the atomic weights). Therefore, we are going to 


= : moles of КСІОз. The moles of О; 


thereby produced will be: 


6.13 L "4 
tae = 0.075 moles of О». 


But, at standard conditions, each mole of О» oc- 
cupies 22.4 liters. Therefore, the volume of О» pro- 
duced at standard conditions must be: 


22.4 X 0.075 = 1.68 liters of Os. 


decompose 


To find this volume at other than standard condi- 
tions, we can then make use of the gas laws. Note 
that all volumes found from equations apply only to 
standard conditions! 


VOLUME-VOLUME RELATIONSHIPS 


Since, at standard conditions, a mole repre- 
sents a definite volume of a gas, a ratio of moles 
of gases must indicate the same ratio of volumes 
of gases. Consider the following equation m 
which all the substances are gases: 


М» us 3 Н» = 2 МН; 
Nitrogen Hydrogen Ammonia 
1 mole 3 moles 2 moles 
1 volume 3 volumes 2 volumes 


Note that the molar ratio is identical to the 
volumetric ratio of the substances so long as 
all the volumes are measured at the same con- 
ditions. Let us look at an example involving 
the volumes of gases in an equation. 


ЕхАМРГЕ 8: 60 liters of hydrogen, measured at room 
temperature and pressure, are to be used in the prepa- 
ration of ammonia gas. 
(a) What volume of nitrogen, measured at the 
same conditions, will be required for the re- 
action? 
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(b) What volume of ammonia, measured at the 
same conditions, can be prepared? 


SoLuTion: The equation is: 


Ne + 3 Н, = 
1 vol. 3 vol. 


2 МН; 

2 vol. 
Part a: The volume of nitrogen required is: 
60 

3 
x = 20 liters of nitrogen. 


Part b: The volume of NH, which can be pro- 
duced is: 


X 
1 


T ди 
x = 40 liters of ammonia. 


EQUIVALENT WEIGHT OF AN ELEMENT 


The equivalent weight of an element may be 
defined as that weight of it which has combined 
with or displaced one atomic weight’s worth 
(1.0 grams) of hydrogen. It is also the weight 
of an element which has combined with or dis- 
placed 8 parts by weight (8 grams) of oxygen. 
A quantity of an element equal in weight to its 
equivalent weight is called an equivalent of 
the element. 

Just as we have been referring to a mole of a 
substance, we are now ready to refer to an 
equivalent of a substance. These two ideas—for 
they are ideas rather than mere defined quanti- 
ties—form the basis of all quantitative applica- 
tions of chemistry. We have seen how the idea 
of the mole is used with chemical equations. 
The coefficients of a balanced equation give 
the ratio of the number of moles of reactants 
and products involved in the reaction. Equiva- 
lents likewise refer to amounts of reactants and 
products. The rule is simply this. One equiva- 
lent of any substance in Nature reacts 
actually or theoretically with one equiva- 
lent of every other substance to produce 
one equivalent of each of the products in- 
volved. 

The concept of the equivalent is thus a 
powerful tool for use in prying open the secrets 
of chemistry. All substances combine, or are 


‘produced, on an “equivalent” basis. But just 


like any other tool, this one must be used skill- 
fully and with understanding of its application. 
Let us focus our attention now on how to find 
the equivalent weight of an element. 

The definitions of equivalent weight suggest 
experimental methods of measuring the equiva- 
lent weight of an element. The weight of an 
element which combines with or displaces 
either 1 gram of hydrogen or 8 grams of oxygen 
would be the equivalent weight of the element 
in grams. Let us look at some examples. 


ExaMPLe 9: Many metals displace hydrogen from 
acids. At standard conditions, one mole of hydrogen 
occupies 22.4 liters. But a mole of hydrogen con- 
tains 2 atomic weight’s worth of hydrogen, for the 
formula of hydrogen is Hz. Therefore Re ite liters. of 
hydrogen at standard conditions would be H atomic 
weight's worth of it. Thus, that weight of a metal 
which would displace 11.2 liters of hydrogen at 
standard conditions would be the equivalent weight 
of the metal. 

1.50 g. of a metal (zinc) displace 560 ml. of hydro- 
gen at 20° C. and 748 mm. pressure. Find the equiva- 
lent weight of the metal. 


SOLUTION: First we find the volume of hydrogen at 
standard conditions. 


У; = 560 X ME x A — 513 ml. 
Then, by proportion: 
CC i)  & 
513 11200 
= 32.7 g. of the metal. 


Thus, the equivalent weight of the metal is 32.7. 


ExAMPLE 10: Oxygen combines directly with most 
elements to form oxides. The analysis of an oxide to 
find its percentage composition gives a ratio of 
weights of oxygen and the other element present. In 
fact, the percentage composition is the number of 
grams of each element present in a 100 gram sample. 
Therefore, knowing the percentage composition, we 
can use a simple proportion to find the weight of an 
element which has combined with 8 grams of oxygen. 

Zinc oxide contains 80.34% zinc and 19.66% oxy- 
gen. Find the equivalent weight of zinc. 


SoLUTION: By proportion: 
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8034 x 
19.66 8 
i-Bp^ m 


Thus the equivalent weight of zinc is 32.7. 


With the techniques suggested by the fore- 
going examples, we can find the equivalent 
weight of many elements. Table XVI gives 
both the atomic weight and the equivalent 
weight of some selected elements together with 
the ratio of the atomic weight to the equivalent 
weight in each case. 


Table XVI 
Equivalent Weights 


Atomic 
Wt. 


Atomic Equivalent Equiv. 
Wt. Wt. Wt. 


‚ 1.008 1.008 
22.997 22.907 
39.096 30:096 

107.88 107.88 


16.000 8.000 
24.32 12316 
40.08 20.04 
65.38 8.2.69 


26.99 8.99 


Element 
Hydrogen 
Sodium 
Potassium 
Silver 


Oxygen 
Magnesium 
Calcium 
Zinc 


чэ NM po NO m ым ee 


Aluminum 


Look carefully at the ratio in the last column 
for each element. What is it? Yes, it is the 
valence number of the element. This is very 
important. We may set down the following 
rule: 

Atomic Weight 
Valence Number = Equivalent Weight wW Е 
ог: | 
Atomic Weight 


Equivalent Weight = Valence Number 


You will recall that an element exhibits a 
valence number other than zero only when it is 
in a compound. Furthermore, many elements 


are capable of exhibiting more than one valence 


number. The particular valence number ex- 
hibited by an element depends upon the com- 
pound under consideration. Since equivalent 
weight is related to valence number, these same 
points apply to it. Elements which can have 
different valence numbers possess equivalent 
weights corresponding to each of its valence 
numbers. The equivalent weight of an element 
depends upon the valence number to be shown 
by the element in a particular reaction. 

Let us look at the reactions of iron with oxy- 
gen. Depending upon the conditions under 
which the reaction is to take place, iron may 
form two different oxides according to the fol- 
lowing equations: 

2Fe+ О, = 2 FeO. 
4 Ее + 3 О = 2 Ее,О,. 

In both of these oxides, oxygen has a valence 
number of —2. In FeO, the valence number of 
iron is +2. In Fe,O,, the valence number of 
iron is +3. Iron is exhibiting two different va- 
lence numbers, depending upon the particular 
reaction under consideration. Therefore iron 
has two different equivalent weights. In the 
first reaction, the equivalent weight of iron is 
one-half its atomic weight. In the second re- 
action, the equivalent weight of iron is one- 
third its atomic weight. You can thus see that, 
for elements which exhibit more than one va- 
lence number, the equivalent weight of the ele- 
ment depends upon which of the valence num- 
bers the element will use in the particular re- 
action involved. The elements in Table XVI 
were selected because they normally have but 
one valence number, and consequently have 
but one equivalent weight. 


RULE OF DULONG AND PETIT 
The quantity of heat absorbed by a substance 


in warming up, or given off by it in cooling, is 
specified in units known as calories. A calorie 
is that quantity of heat necessary to raise the 
temperature of one gram of water one degree 
centigrade. The number of calories of heat 
necessary to raise the temperature of one gram 
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of any substance one degree centigrade is 
known as the heat capacity of the substance. 
The ratio of the heat capacity of a given sub- 
stance to the heat capacity of water is known 
as the specific heat of the substance. 

The French scientists DULONG and PETIT 
studied the relationship between specific heat 
and atomic weight of elements. They dis- 
covered the following relationship for elements 
in the solid state: 


Atomic Weight x Specific Heat = 
Approximately 6.4 


This product is known as the atomic heat of 
the element. The figure 6.4 is an everage figure. 
Table XVII gives the atomic heats of several 
elements. 


Table XVII 


Atomic Heats 


Atomic Specific Atomic 
Heat Heat 


0.940 6.6 
0.290 6.7 
(1245 6.0 
0.200 6.2 
0.166 OS 
0.170 6.8 
О 1512 6.3 
0.093 59 
0.093 6.1 
0.056 6.0 
0.054 6.5 
0.032 6.3 


Element 
Lithium 
Sodium 
Magnesium 


Phosphorus 


Potassium 
Calcium 
Iron 
Copper 
Zinc 
Silver 

Tin 

Gold 


The exact atomic weight of an element may 
be found by using the Rule of Dulong and 
Petit in conjunction with methods of finding 
the equivalent weight of an element. To do 
this we proceed in four steps: 


1. Determine the exact equivalent weight. 

2. Find the approximate atomic weight from 
the Rule of Dulong and Petit. 

3. Find the valence number by dividing the 


approximate atomic weight by the exact 
equivalent weight. 

4. Multiply the equivalent weight by the 
valence number to obtain the exact atomic 
weight. 


Let us look at an example. 


EXAMPLE 11: A compound contains 79.9% copper 
and 20.176 oxygen. The specific heat of copper is 
0.093. Find the exact atomic weight of copper. 


SOLUTION: 
Step 1: The exact equivalent weight of copper 
(that weight of it combined with 8 grams of oxy- 
gen) is: 


С Вр 
201 "8 
x= 31.80 


Thus, the equivalent weight of copper is 31.8. 
Step 2. From the Rule of Dulong and Petit: 


6.4 6.4 


= 0.093 


A 3 i А a EE 
ppr. Atomic Wt. of Copper WEIT. 


= 68.8. 


Step 3. The valence number must be a whole num- 
ber. Dividing the approximate atomic weight by 
the equivalent weight we have: 


68.8 
318 ^ 2.16 


The valence number is the nearest whole number, 
which is 2. 

Step 4. Multiplying the equivalent weight by the 
valence number we have: 


31.8 X 2 — 63.6 


The exact atomic weight of copper is therefore 
63.6. 


Problem Set No. 7 


1. 555 ml. of a gas at 22° C. and 740 mm. pressure 
weigh 0.6465 g. Find the density of the gas. 

2. How much faster will helium diffuse than chlo- 
rine? 

3. Find the actual weight in grams of a single hy- 
drogen atom. 

4. 0.24 g. of a gas occupy 82.2 ml. at 117° C. and 
740 mm. pressure. Compute its molecular weight. 

5 A gas consists of 85.72% Carbon and 14.28% 
Hydrogen. 0.855 g. of this gas occupy 523 ml. 
at 29" C. and 733 mm. pressure. Find the crue 
formula of the substance. 
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6. What volume of hydrogen, at standard condi- 
tions, can be produced by treating 10 g. of zinc 
with hydrochloric acid, HCl? 

7. What weight of calcium carbonate, CaCO;, must 
be heated in order to produce 5 liters of CO; at 
standard conditions? 

8. What volume of рше Оз will be required to 
burn 15 liters of ethane, C4H;, to СО, and НО? 
(all gases are measured at standard conditions). 

9. Compute the equivalent weight of phosphorus 
in the compound phosphine, PH;. 

10. The oxide of an unknown element contains 
10.2% oxygen and 89.8% of the element. The 
specific heat of the element is 0.0305. Find its 
exact atomic weight. 


SUMMARY 


Boyles Law: At a given temperature, the 
volume occupied by a gas is inversely propor- 
tional to the pressure. 

Charles’ Law: Ata given pressure, the volume 
occupied by a gas is directly proportional to 
the absolute temperature. 


s BV P, V 
Combined Gas Law: T = T : 
1 2 


Standard Conditions: The standard tempera- 
ture js 0^ C. The standard pressure is 760 mm. 
of mercury. 

Law of Partial Pressures: The total pres- 
sure of a mixture of two or more gases which do 


not chemically combine is the sum of the par- 
tial pressures of each. 

The Kinetic Molecular Theory holds that 
gases consist of discreet molecules relatively 
far apart in rapid motion which collide with 
one another and with the walls of the container 
with perfect elasticity. 

Real gases obey the gas laws only approxi- 
mately because their molecules have weight 
and occupy space. 

The absolute density of a gas is the weight of 
one milliliter of it at standard conditions. 

The relative density of a gas is the ratio of its 
absolute density to the absolute density of air. 
Law of Diffusion: The rates of diffusion of 
gases are inversely proportional to the square 
roots of their densities. 

Gram-molecular Volume. The volume oc- 
cupied at standard conditions by one gram- 
mole of any gas is approximately 22.4 liters. 
The number of molecules in a gram-mole is 
6.023 х 10%. This is known as Avogadro’s 
Number. 

The equivalent weight of an element is that 
weight of it which combines with or displaces 
1.0 gram of hydrogen or 8 grams of oxygen. 
Rule of Dulong and Petit: 


Atomic Weight x Specific Heat — 
Approximately 6.4 


CHAPTER 7 


LIQUIDS AND SOLIDS 


If the volume of a gas is sufficiently reduced 
by compressing it, or cooling it, or both, the 
gas will condense to a liquid. Early scientific 
investigators discovered that a number of sub- 
stances in the gaseous state at room temperature 
could be condensed to a liquid by pressure 
alone. Other gases resisted liquifaction re- 
gardless of the pressure imposed, and condensed 
only after the temperature had been reduced. 
This led to the idea that a critical temperature 
was involved in the liquifaction process. The 
critical temperature of a gaseous substance 
is the temperature above which it is impossible 
to liquify the substance by pressure alone. The 
pressure required to liquify a gas at its critical 
temperature is called the critical pressure. 
Table XVIII gives the critical temperature and 
pressure of several common substances. 

The more a gas is cooled below its critical 


Table XVIII 
Critical Temperatures and 
Pressures 
Critical Critical 
Temp. Press. 


in °Centi- in Atmos- 


Substance grade pheres 
Ammonia 132.4 le 
Argon E129 48 
Carbon dioifide 31.1 73.0 
Carbon monoxide —139 35 
Chlorine 144.0 76.1 
Ethyl alcohol 243.1 63.1 
Helium 267.9 2.26 
Hydrogen —239.9 12.8 
Nitrogen IER 3819 
Oxygen — 118.8 49.7 
Sulfur dioxide q59 2 Vai 
Water 374.0 27 


temperature, the less pressure will be required 
to liquify it. When a substance is in the gaseous 
state at a temperature above its critical tempera- 
ture, it is properly called a gas. On the other 
hand, a substance in the gaseous state at a tem- 
perature below its critical temperature is prop- 
erly referred to as a vapor. 


VAPOR PRESSURE 


All liquids show a tendency to vaporize at 
room temperature and pressure. If a small 
sample of a liquid is placed in a dish and allowed 
to stand in contact with freely moving air, it 
will in time completely evaporate, which 
means that its molecules have escaped as a 
vapor. Liquids like gasoline and carbon tetra- 
chloride evaporate much more rapidly than 
liquids like oil or mercury. The rate of evapo- 
ration is basically related to a property of 
liquids known as vapor pressure. 

To understand what vapor pressure is, think 
of a milk bottle partially filled with water with 
the cap on. The water starts to evaporate into 
the air in the bottle. The pressure of this air 
thus increases as the water vapor is added to it. 
Ulumately, the water vapor will saturate the 
air, and droplets of water will begin to con- 
dense back to a liquid on the upper walls of the 
bottle. The increase in pressure of the air 
when it is saturated with water vapor is 
known as the vapor pressure of the water. 
The vapor pressure of other liquids can be 
found in the same way. For accurate measure- 
ment, the air to be used in the container in con- 
tact with the liquid would initially have to be 
free of any molecules of the liquid vapor. Need- 
less to say, the higher the vapor pressure, the 
more rapidly a liquid will evaporate into dry 
air. 

Since it takes energy for a molecule of a 
liquid to escape as vapor from the liquid, we can 
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see that the vapor pressure of a liquid will be 
related to the temperature. Table XIV on page 
51 gives the vapor pressure of water at various 
temperatures. Note particularly the vapor pres- 


sure of water at 100° C. You will see that it is | 
| virtually 


760 mm. This is standard atmospheric pressure, 
and 100° C. is called the normal boiling point 
of water. We can thus see that the boiling 
point of a liquid is the temperature at 
which the vapor pressure of the liquid 
equals the pressure of the atmosphere 
about it. The normal boiling point of a liquid 
is the temperature at which its vapor pressure 
reaches standard atmospheric pressure, or 760 
mm. 

Since atmospheric pressure changes slightly 
from day to day, the boiling point E water will 
fluctuate correspondingly. As the air pressure 
goes down, the boiling point will decrease. In 
places of high elevation the boiling point of 
water would be considerably reduced because 


of low atmospheric pressure. For example, in | 


Denver, Colorado, water would boil at about 
87° C., while at the top of Pike’s Peak water 
would boil at about 62° C. Table XIX gives 
the normal boiling points of some common 
substances. 


Table XIX 
Normal Boiling Points 


Substance Temp. °С. Substance 
Benzene 80.1 
Carbon dioxide — 78.5 
Chlorine —34.0 


Ethyl alcohol 78.5 


Temp. °C. 
—252.8 
— 183.0 
—10.0 
100.0 


Hydrogen 
Oxygen 
Sulfur dioxide 
Water 


EVAPORATION 


The phenomenon of evaporation is familiar 
to all, and yet a few words should be said about 
it. Like boiling, it is a case of a liquid changing 
to a vapor. Unlike boiling, it takes place at any 
temperature. 

To understand evaporation we need to know 
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a bit about energy. According to the Kinetic 
Molecular Theory, the molecules of a liquid 
are free to move about under the surface of the 
liquid. The motion is less rapid than in the case 
of gases because the molecules of the liquid are 
"gn contact" with one another. But 
the molecules do move, for they possess kinetic 
energy (energy of motion) at any given tem- 
perature. 

The amount of this energy possessed by each 
molecule of the liquid is not uniform. Some 
molecules possess considerably more energy 
than others in the same sample of a liquid. In 
general, most of the molecules have about the 
same amount of energy, but some possess ap- 
preciably more than average energy and some 
possess appreciably less. Furthermore, because 
the molecules are so close to one another, they 
collide frequently, and during such collisions 
energy is redistributed between the colliding 
molecules causing a gain in energy in one of the 
molecules and a loss in energy in the other. This 
transfer of energy by collision can result in the 
formation of relatively high-energy molecules. 

Now the temperature is a measure of the 
average energy of a sample of liquid. If the 
temperature goes up, the average energy of the 
liquid g goes up because warming indicates an 
increase in energy. Similarly, a der in aver- 
age energy results ina lowering of the tempera- 
ture of the sample. 

The escape of a liquid molecule in the evapo- 
ration process requires energy. Consequently, 
only those molecules of high energy can evapo- 
rate from a liquid. But the escape of these high 
energy molecules results in a lowering of the 

average energy of the liquid sample. Thus, a 
Ба afways accompanies evaporation. 


EXPERIMENT 10: With pieces of cotton spread water 
on the back of one hand and alcohol on the back of 
the other. Then wave your hands back and forth 
through air. You will observe cooling from the 
evaporation of both liquids, but since the alcohol is 
more volatile, it will cause more cooling. 


Of course, as soon as the temperature of the 
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liquid begins to drop below the temperature 
of the surrounding atmosphere, the atmosphere 
begins to warm the sample. This means that 
the atmosphere begins to add more energy to 
the liquid to replace the energy lost by evapo- 
ration. This additional energy, plus the ac- 
cumulation of it by relatively few of the liquid 
molecules through molecular collisions, permits 
the evaporation of the liquid to continue until 
ultimately all of the molecules of the liquid have 
gained enough energy to evaporate. 

You have undoubtedly observed the cooling 
effect of liquids like water or alcohol evaporat- 
ing from your skin. You perspire when you get 
hot, and the evaporating perspiration acts as a 
check to prevent your body from over-heating. 
The temperature of the air is usually cooler by 
the seashore, or at the lake, or by a waterfall, 
because the evaporating water absorbs energy 
from the atmosphere and cools it. Unul re- 
cently, the dairy industry was confined to the 
northern states or to places of high elevation 
because dairy cattle did not possess sweat glands 
and consequently could not survive in the high 
temperatures of the south. However, by cross- 
breeding standard dairy cattle with cattle pos- 
sessing sweat glands, men have been able to pro- 
duce new varieties of dairy cattle which possess 
sweat glands and which can live in more tropi- 
cal climates. 'This, of course, has bolstered the 
economy of warmer regions. These illustra- 
tions are given to reemphasize the fact that 
natural phenomena follow definite laws of 
Nature. The progress of man is enhanced if he 
first learns these laws and then devises means of 
applying them in the control of his environ- 
ment. 


SURFACE TENSION 


We have seen that the molecules of a liquid 
are relatively close to one another. They are so 
close, in fact, that they exert appreciable gravi- 
tational attraction on one another. Inside the 
body of the liquid, where a given molecule is 
completely surrounded by other molecules, 


these attractive forces are equal in all directions. 
Thus, they counteract one another, and no net 
unbalanced force remains on the molecule. 
However, on the surface of the liquid a mole- 
cule is not completely surrounded by nearby 
molecules. The region above such a surface 
molecule is relatively vacant. Such a molecule 
is attracted by its neighbors in the surface and 
by the molecules below it. This results in a net 
unbalanced attractive force directed into the 
interior of the liquid. The effect is that the sur- 
face molecules form an encasing film on the 
liquid which is relatively quite tough. 

You can readily observe the effects of sur- 
face tension. A tiny droplet of water remains 
intact and does not spread out to form a smooth 
film ona table top because the surface film holds 
the water back from “seeking its own level”. 
Drops of water falling free and passing through 
air are drawn up into spheres by the surface 
film. A sphere, of course, is a shape containing 
a maximum volume within a minimum surface. 
You can float razor blades or needles on water 
even though these objects are far more dense 
than water because the tough surface film sup- 
ports them. 


ExPERIMENT 11: Bend the end of a 4-inch length of 
wire into a single loop around a pencil, and then 
bend the loop so that its plane is perpendicular to the 
remaining length of wire. Fill a glass with water. 
Using the straight part of the wire as a handle, gently 
press the flat loop against the surface of the water. 
Note how the surface becomes indented before the 
loop finally breaks through into the water. This is 
the result of the tough film on the water’s surface. 
Now slowly pull the loop up through the surface. 
Note how the water is pulled up above the level of 
the remaining surface. 


The surface tension of a liquid may be 
changed by dissolving substances in the liquid. 
For example, soap greatly reduces the surface 
tension of water. This can be observed as fol- 
lows: 

ExPERIMENT 12: Sprinkle a little black pepper onto 


the surface of some clean water in a basin. The par- 
ticles of pepper will be supported by the surface 
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film. Now touch a piece of soap to the surface of the 
water. As the soap dissolves, you will see the par- 
ticles of pepper rapidly be drawn away from the 
point at which the soap has weakened the film. 


The decrease in the horizontal forces of attrac- 
tion in the original water surface caused by the 
dissolving soap result in the formation of net 
unbalanced forces in the surface directed away 
from the point of application of the soap. The 
receding film then carries the pepper with it. 


CAPILLARY ACTION 


Surface tension is related to another phe- 
nomenon associated with liquids. Between the 
molecules of a liquid there are attractive forces 
which may be called forces of cohesion. Simi- 
larly, there are attractive forces between the 
molecules of a liquid and the molecules of its 
container. These may be called forces of adhe- 
sion. If the forces of adhesion are greater than 
the forces of cohesion, the liquid will wet the 
container. If the reverse is true, the liquid will 
draw away from the container and not wet it. 
Figure 19 illustrates the difference in appear- 
ance of the surface of water and mercury in 
glass containers. Water wets glass. Mercury 
does not. 


WATER MERCURY 


Fig. 19. Surface Variation of Liquids 
with Different Ability to Wet Glass 


If a liquid wets a given subtance, the liquid 
will be drawn up into a small-diameter tube 
made of the substance. If the liquid does not wet 


a substance, a small-diameter tube made of the | 


substance will depress the surface of the liquid. 
Figure 20 illustrates this with water and mer- 
cury in glass tubes. The rise or depression of a 


liquid surface in a small-diameter tube is known 
as capillary action. The amount of change in 
the level of the liquid in the tube is directly pro- 
portional to the surface tension of the liquid. 


MERCURY 


WATER 
Fig. 20. Capillary Action 


Capillary action has many applications. The 
sub-surface water in fields is carried up to the 
roots of plants through tiny pores (capillary 
tubes) in the soil. A blotter works by capillary 
action. A towel consists of thousands of tiny 
capillary tubes which draw water from your 
skin to dry it. A sponge "drinks" water into its 
capillary tubes. 


THE SOLID STATE 


As you know, when liquids are sufficiently 
cooled, they will congeal to the solid state. The 
temperature at which a substance solidifies 
from the liquid to the solid state is known as the 
freezing point of the substance. As in the case 
of the boiling point, the atmospheric pressure 
affects the freezing point of a substance. Some 
solids like ice and bismuth expand on cooling. 
Most solids shrink on cooling. An increase in 
pressure will lower the freezing point of solids 
which expand on cooling. Ice melts under pres- 
sure. For solids which shrink on cooling, an 
increase in pressure will raise the freezing point. 
In general, the effect of pressure on freezing 
point is much less dramatic than its effect on the 
boiling point. Consequently, for most consid- 
erations, we can ignore the pressure effect. 

In the solid state, the particles of a substance, 
whether these particles are molecules or ions, 


64 Chemistry Made ds oe 


are not completely rigid. They are free to vi- 
brate within definite spacial limits and thus pos- 
sess some kinetic energy. Theoretically, all 
particles possess some energy until the tempera- 
ture is reduced to absolute zero. 


VITREOUS SOLIDS 


Structurally, there are two classes of solids. 
One type is known as the vitreous, or amor- 
phus, type. In such solids there is a completely 
random arrangement of the particles. This lack 
of definite geometrical pattern results in spe- 
cialized properties for this type. When broken 
with a hammer, these solids exhibit a curved 
fracture surface. When heated, they soften 
gradually and slowly transform to the liquid 
state with no clearly defined melting point. 
Glass is a typical example of this type of solid. 
There is some evidence to indicate that such 
solids are not true solids, but in reality are 
highly rigid and extremely viscous liquids. 


CRYSTALLINE SOLIDS 

The second type of solid is known as a 
crystalline solid. In this type the particles are 
arranged in definite geometric patterns. The 
result is that these solids exhibit definite physi- 
cal properties in contrast with vitreous solids. 
When struck with a hammer, crystalline solids 
break along definite planes. When heated, they 
melt at a specific temperature. Figure 21 shows 
the six basic configurations of particles in crys- 
tals. These configurations are also known as 
crystal lattices. Most metals, solid hydrogen, 
and table salt all solidify in the cubic system. 
Sodium sulfide and indium metal crystallize in 
the tetragonal system. Sulfur exhibits ortho- 
rhombic crystals, Sugar forms monoclinic crys- 
tals. Boric acid is a nigel of the triclinic sys- 
tem. Magnesium, zinc, quartz, and solid oxygen 
all belong to the hexagonal system. 


ENERGY AND CHANGE OF STATE 
Relatively large amounts of energy are in- 
volved when a substance changes from one 
physical state to another. When a substance 
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changes from gas to liquid to solid, energy is 
given up by the substance. A change from solid 
to liquid to gas involves the absorption of 
energy by the substance. The energy change 
at the gas-liquid transformation is known as 
Heat of Vaporization. The heat of vaporiza- 
tion of a substance is the number of calories 
required to change one gram of the liquid to a 
gas at the transformation temperature. The heat 
of vaporization of water at 100°C. is 540 
cal./g. The energy change at the liquid-solid 
transformation is called the Heat of Fusion. 
The heat of fusion of a substance is the number 
of calories required to melt one gram of a solid 
to liquid at the transformation temperature. 
The heat of fusion of ice is 79.7 cal./g. at 0° C. 

Thus, if we start with 1 gram of ice and in- 
tend to boil it, the energy requirements will be 
as follows: 


To melt the ice: 79.7 cal. 

To heat the water from 0° to 
100° (See def. of са]., p. 57) 100,0 cal. 
To vaporize the water at 100° 540.0 cal. 
Total '719.7 cal 
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In the example just worked out, notice that 
619.7 calories, or about 86% of the total energy 
requirements, were involved with changes of 
state. Only about 14% of the energy absorbed 
went into the raising of the temperature of the 
substance involved. It should be borne in mind 
that the energy absorbed or given | off during 
changes in state causes no change in. the tem- 
perature of the substance involved. 


Problem Set No. 8 


1. Which of the substances in Table XVIII are gases 
at room temperature (25° C.)? 

2. Using the data found in Tables XVIII and XIX, 

compute the ratio of the Absolute Normal Boil- 

ing Point to the Absolute Critical Temperature 
for each of the following: 

(a) Carbon dioxide. 

(b) Chlorine. 

(c) Ethyl alcohol. 

(d) Hydrogen. 

(e) Oxygen. 

(f) Water. 

From your results in Problem 2, can you detect 

any relationship between these two properties of 

substances? 

. You are planning a trip by car to the top of Pike's 
Peak. Your car is equipped with a 180* thermo- 
stat (which prevents the circulation of water 
through your radiator below that temperature). 
Prove by calculations why it would be wise to 
remove the thermostat before making the ascent. 

. How many calories would be required to heat 
25 grams of ice at 0* C. until it has completely 
boiled away? 


SUMMARY 
À gas can be condensed to a liquid by pres- 
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sure only at temperatures below its critical tem- 
perature. 

The vapor pressure of a liquid is the in- 
crease in pressure its vapor produces when it 
saturates the atmosphere above it in a closed 
container. 

The boiling point of a liquid is the tempera- 
ture at which its vapor pressure equals the at- 
mospheric pressure about it. 

Evaporation produces a cooling effect be- 
cause only those molecules of highest energy 
escape from the liquid as vapor. 

The surface tension in liquids is a result of 
attractive forces on surface molecules directed 
toward the interior of the liquid. 

Cohesion is the attractive force between the 
molecules of a liquid. Adhesion is the attrac- 
tive force between the molecules of a liquid and 
the molecules of its container. 

Capillary action is the rise or depression of 
the surface of a liquid inside a small-diameter 
tube penetrating the surface. 

The freezing point of a substance is the 
temperature at which it transforms from the 
liquid to the solid state. 

Vitreous solids have random particle ar- 
rangement Crystalline solids have a definite 
geometrical particle arrangement in one of six 
basic erystal lattices. 

Heat of vaporization is the number of calo- 
ries required to change one gram of a liquid to 
a vapor, at a given temperature. 

Heat of fusion is the number of calories re- 
quired to change one gram of a solid to a liquid 
at a given temperature. 


CHAPTER 8 


SOLUTIONS 


A solution consists of two components, a 
solvent which is the dissolving medium, and a 
solute which is the substance dissolved. Solu- 
tions are mixtures because an infinite number 
of compositions involving a given solute and 
solvent are possible. In solutions the solute is 
dispersed into molecules or ions, and the distri- 
bution of the solute is perfectly homogeneous 
throughout the solution. A tremendous amount 
of chemistry takes place in solution, and so it is 
well for us to become thoroughly familiar with 
both the terminology and the properties of 
solutions. 


METHODS OF EXPRESSING 
CONCENTRATION 


A concentrated solution is one which con- 
tains a relativelylarge amount of solute per unit 
volume of solution. A dilute solution is one 
which contains a relatively small amount of 
solute per unit volume of solution. The words 
"strong" and "weak" should not be used when 
referring to the concentration of a solution, 
for these words have their own special mean- 
ings in chemistry and will be discussed later. 

The principal methods of expressing the con- 
centrations of solutions are: 


1. Molarity. The molarity of a solution is 
the number of moles of solute per liter of solu- 
tion. Molarity is abbreviated M. Its units are: 
No. of moles/liters. A solution which contains 
a half mole of solute per liter of solution is 
designated as 0.5 M. The following relationship 
is frequently useful in calculating the molarity 
of a solution. 


No. of moles of solute 


Mors Liters of solution 


(1) 


2. Normality. The normality of a solution 
is the number of equivalents of solute per liter 
of solution. Normality is abbreviated N. Its 
units are: No. of equivalents/liters. A solution 


containing 2.0 equivalents of solute per liter of 
solution is designated as 2.0 N. The following 
relationship is frequently useful in calculating 
the normality of a solution. 


No. of equivalents of solute 


E Liters of solution 


Q) 
The number of equivalents of a substance is 
found from the relationship: 


Actual weight of subst. 


No. of equivalents = ~ Equivalent weight _ 


(3). 


In Chapter 6 we saw that the equivalent 
weight of an element can be found from its 
atomic weight and its valence thus: 


Atomic weight 


Equivalent weight — Vase 


(4) 


Now we must learn to find the equivalent 
weight of compounds. To do this we begin 
with the formula of the compound, write it, 
and split the positive part of the formula from 
the negative as follows: 


Na|C] K;|CO;  Ca|SO, AlļClą Еег|(50,)з 


We then consider the positive (left) part of the 
formula. The product of the valence of the 
positive part times its subscript gives us what is 
known as the number of replaceable hydro- 
gens or net positive valence of the com- 
pound. 


Net positive valence — (Valence of -- element) X 
(Its subscript) (5) 


The net positive valence of the compounds 
listed above would be: 


NaCl 1x 1 K2COs: 10 25-8 
CaSQ, 2x 122: AlCl: 3 х 1 = 3. 
Fe;(SO4);: IX A = 6: 


The equivalent weight of a compound is then 
found from the relationship: 


Molecular weight 
Net positive valence 


Equivalent weight — (6) 


P" 
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The normality and molarity of a given solution 
are related as follows: 

Normality — Molarity x Net positive valence (7) 
Note that normality will be equal to or greater 
than the molarity. It is never smaller in mag- 
nitude. 

3. Molality. The molality of a solution is 
the number of moles of solute per 1000 grams 
of solvent. Molality is abbreviated MI. Its units 
are: No. of moles/1000 grams of solvent. Mo- 
larity and molality should not be confused. The 
former is defined in terms of the total volume 
of solution. The latter is defined in terms of a 
definite weight of solvent. A solution which 
contains 0.5 moles of solute in 250 grams of 
solvent would have a molality of: 

1000 


0.5 X aoe ES MI. 


4. Percentage Composition. This may be 
either percentage by weight or percentage by 
volume. 


АА Weight of solute 
parent = eee 
Tm е Weight of solution с, 
% By йе = Volume of solute x 100. (9) 


Volume of solution 
Percentage by weight is usually used in refer- 
ring to solids dissolved in liquids. Percentage 
by volume is normally used with reference to 
gases in gases or liquids in liquids. 


STANDARD SOLUTIONS 


A standard solution is any solution of ac- 
curately known concentration. Standard solu- 
tions may be made up in the following ways: 


1. Weight per Unit Volume. In this 
method, a quantity of a pure chemical substance 
is accurately weighed and then dissolved in a 
quantity of the solvent. Then additional solvent 
is added until the total volume of solution is 
accurately known. From the weight of solute, 
the volume of solution, and either the molecular 
weight or the equivalent weight of the solute, 
the molarity or the normality of the solution 
can readily be calculated. Let us look at an ex- 
ample. 


EXAMPLE 1: 21.2 g. of NaCO; are dissolved in water 
and the solution is made up to 400 ml. Find the 
molarity and normality of the solution. 


SOLUTION: 


The molecular weight of Na;CO is 106. 
Molarity is No. of moles/volurme in liters. 


No. of moles is: actual weight/molecular weight. 
90: 


actual weight/molecular weight 


йш e volume in liters 
- actual weight 
~ molecular weight X volume in liters 
: 21:7 
So, Molarity = 7106x0400. 0.5 М. 
The net positive valence of NaCO; is: 1 X 2 = 2. 
The equivalent weight of NaCO; is: E = 53. 


The normality is: 0.5 M X 2 = 1.0 N. 

Checking this result by working with the equiva- 
lent weight of NasCOs, we have (by paralleling 
the working out of molarity) 


actual weight 


Шошо = equivalent weight X volume in liters 
217 
араба: LON: 


2. Dilution. A definite volume of a more 
concentrated solution can be diluted with a 
definite amount of additional solvent to pro- 
duce a more dilute solution of known concen- 
tration. The fact that the number of moles or 
equivalents of solute does not change dur- 
ing dilution enables us to calculate the new 
concentration. Note the following relation- 
ships. 

Molarity Х volume in liters = no. of moles of 

solute. 

Molarity х volume in milliliters = no. of milli- 

moles of solute. 

Normality x vol. in liters = no. of equivalents of 

solute. 

Normality Х vol in ml. = no. of milliequivalents 

of solute. 
From these relationships we can see that when 
we are diluting solutions, the product of the 
concentration and volume of the initial solution 
must be equal to the product of the concentra- 
tion and volume of the diluted solution when 
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the same system of units are used in both solu- | of the solution involved. Here the volume 


tions. Expressed as a relationship this would be: 
С, Vi = С, Vt (10) 
Where: С, is concentration of initial solution. 
V, is volume of initial solution. 


С, is concentration of final solution. 
У, is volume of final solution. 


Let us work out an example of this type of 
problem. 


ExAMPLE 2: How much water must be added to 50 
ml. of 1.2 M НСІ solution in order to produce a 0.5 
M НСІ) solution? 
SoLUTION: Using the relationship: 

Ci X Vi = б; X У, 

ETUR 0) FX К. 

"Lz *9 
EY 0.5 

120 ml. is the volume of the final solution. The 
amount of water to be added is then the difference 


between the volumes of the two solutions. So, the 
volume of water to be added is: 


120 — 50 = 70 ml. of water. 


— 120 ml. 


3. Reaction. It is a fundamental law of 
chemistry that a given number of equivalents of 
one substance react with precisely the same 
number of equivalents of any other substance. 
Therefore, if the concentration of a solution is 
unknown, its concentration can be found by 
measuring the volume of it which will react 
precisely with a definite weight of a pure solid 
substance, or with a definite volume of a stand- 
ard solution. We have seen that the product 
of normality times volume in liters gives the 
number of equivalents of solute. Therefore, the 
following relationship holds whenever solu- 
tlons react: 


№, x Vi= Nz x У, (11) 
where: N, and V, are the normality and 
volume of one solution and N, and V, are the 
normality and volume of the other. 

When a solution is reacting with a solid sub- 
stance, then the following holds: 


N, X V, = no. of equivalents of solid. (12) 


where: №, and У, аге the normality and volume 


must be in liters! 
Let us study some examples of these types. 
EXAMPLE 3: 25.2 ml. of 0.1 N HCI solution are re- 


quired to neutralize 20.0 ml. of an unknown base 
solution. Find the concentration of the base solution. 


SOLUTION: Applying the relationship: 


М, x Vi = №, x У; 
0219629 ОЕ БСО 
0.1 X 25.2 
20.0 
EXAMPLE 4: 48.5 ml. of an unknown acid solution 


neutralize 11.1 g. of solid Са(ОН). Compute the 
concentration of the acid solution. 


X= = 0.126 N. 


SoLUTION:- Applying the relationship: 
N, x V, (in liters) = no. of equivalents of solid 
Vie 


nb 
2 X Mb. 

74 X 0.0485 

6.21 N. 

Notice that we initially had to determine the equiva- 

lent weight of Са(ОН), which was its molecular 

weight, 74, divided by its net positive valence, 2. 


X х 0.0485 


OS 


Problem Set No. 9 


1. Find the molarity of the following solutions. 
(a) 0.02 moles of NaOH in 80 ml. of solution. 
(b) 0.234 g. of NaCl in 50 ml. of solution. 
(c) 222 g. of CaCl, in 4 liters of solution. 
2. Find the normality of the following solutions. 
(a) 0.2 moles of CaCl; in 200 ml. of solution. 
(b) 0.2 equivalents of CaCl; in 200 ml. of solu- 
tion. 
(c) 2.76 g. of KCO; in 400 ml. of solution. 
(d) 6.84 g. of Al; (SO); in 250 ml. of solution. 
3. Find the molality of the following solutions. 
(a) 4.0 g. of NaOH in 400 g. of water. 
(b) 333 g. of CaCl; in 6000 g. of water. 
4. 6.0 g. of MgSO, are dissolved in 250 ml. of solu- 
tion. 
(a) Find the percentage by weight of the sol- 
ute (Specific gravity of water — 1). 
(b) Find the molarity of the solution. 
(c) Find the normality of the solution. 
5. 10 ml. of ethyl alcohol are dissolved in 40 ml. of 
water. Find the percentage by volume of alco- 
hol in the solution. 
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6. 34.0 g. of AgNO; are dissolved іп 750 ml. of 
solution. Find the molarity of the solution. 

7. 2.67 g. of AlCl; are dissolved in 400 ml. of solu- 
tion. Find the normality of the solution. 

8. How much water must be added to 35 ml. of 0.8 
M NaNO, solution to make a 0.5 M solution? 

9. 24.0 ml. of 0.1 N NaOH solution neutralize 
25.0 ml. of an unknown acid solution. Compute 
the concentration of the acid solution. 

10. 20.0 ml. of AgNO; solution precipitate 0.285 g 
of AgCl from a salt water solution. Compute the 
normality of the AgNO; solution. (Remember, 
the number of equivalents of a substance formed 
is equal to the number of equivalents of each of 
the substances required to form it.) 


SOLUBILITY 


The solubility of a substance is the maximum 
amount of it that can be dissolved in a given 
amount of solvent at a specified temperature 
and pressure. The factors influencing solubility 
are: 


1. Nature of solute and solvent. 
2. ‘Temperature. 
3, Pressure. 


Let us consider each of these factors in terms 
of the common types of solutions. These types 
are: gas in a gas, gas in a liquid, liquid ina liquid, 
and solid in a liquid. 

The first type, gas in a gas, has been discussed 
previously in relation to Dalton’s Law of Partial 
Pressures and to gases in general. All gases are 
soluble in each other, and mix in all proportions. 
Molecules of one gas diffuse into the void be- 
tween the molecules of the other and ulumately 
form a homogeneous system. 

In the case of gas in a liquid, the temperature 
and pressure have important effects. When a 
gas is brought in contact with a liquid, some of 
the molecules of the gas will enter the liquid 
and dissolve in it. There appears to be no rule 
for predicting the solubility of a given gas in a 
given solvent. Gases like ammonia and hydro- 
gen chloride are extremely soluble in water, 
whereas hydrogen and oxygen are only very 
slightly soluble in water. The effect of tempera- 


ture in this case 1s quite definite. Just as an in- 
crease in temperature speeds up the rate of 
evaporation of a liquid, so an increase in tem- 
perature increases the rate at which dissolved 
gas molecules are expelled from the liquid. The 
rule is: The solubility of any gas in a liquid 
solvent decreases as the temperature rises, 
and becomes zero at the boiling point of the 
solvent. 

ExPERIMENT 13: Select two bottles of some carbon- 
ated soda, one ice cold and one warm. Open the 
bottles, and with thumbs held over the tops, gently 
shake them. Which foams up more? Carbon dioxide 
gas has been dissolved under pressure in both. [ts 
solubility is less in the warm sample, and therefore 
it escapes more easily from the warm soda. Hence 
the greater amount of foaming in the warm bottle. 


The effect of pressure in this case is likewise 
quite definite. An increase in pressure on the 
gas will step up the rate at which gas molecules 
enter the liquid. The relationship between pres- 
sure and the solubility of a gas in a liquid is 
stated in Henry's Law thus: For gases which 
do not react chemically with the solvent, 
the weight of gas which dissolves in a 
liquid at a given temperature is propor- 
tional to the partial pressure of the gas 
over the solution. 

In the case of liquids dissolving in liquids, 
there are three possibilities: 


1. The two liquids are completely miscible. 
(capable of being mixed.) 

2. The two liquids are partially miscible. 

3. The two liquids are immiscible. (not 
capable of being mixed.) 


In this case, the nature of the solute and the 
solvent has an important effect. The chemical 
structure of the substances involved determines 
to a great extent whether or not two liquids 
will dissolve in one another. Water and alcohol 
are soluble in each other in all proportions. Al- 
cohol and carbon tetrachloride are soluble in 
one another in all proportions. But water and 
carbon tetrachloride are practically insoluble 
in one another. This strange behavior is better 
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understood if we consider the structure of each 
of these substances. 

The water molecule is a bent molecule as 
shown in Figure 22. The oxygen end of the 
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Fig. 22. The Water Molecule 


molecule has a negative electrical character and 
the hydrogen end has a positive electrical 
nature. Thus, the water molecule is highly 
polar and possesses a high degree of electrical 
activity. On the other hand, carbon tetrachlo- 
ride is made up of highly symmetrical mole- 
cules. In these molecules, the carbon atom is 
centrally located and the four chlorine atoms 
surround the carbon forming the apexes of a 
tetrahedron. This is shown in Figure 23. Such 
a molecule has very little polarity and electri- 
cally is virtually inert. The great difference in 
polarity between molecules of carbon tetra- 
chloride and water accounts for the immisci- 


bility of these two liquids. 


Fig. 23. Carbon Tetrachloride 


The molecules of ethyl alcohol have a struc- 
ture which produces a degree of polarity inter- 
mediate between water and carbon tetrachlo- 
ride. This structure is illustrated in Figure 24. 
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Fig. 24. Ethyl Alcohol 


One end of the alcohol molecule has carbon 
atoms surrounded by hydrogen atoms, and is 
structurally akin to the molecules of carbon 
tetrachloride. The other end of the molecule 
of alcohol is similar to the water molecule, and 
the lack of symmetry produces a moderate 
amount of polarity. The similarities in each case 
are sufficient to enable alcohol to dissolve in 
each of the other two liquids. The rule based 
upon this study is: Like dissolves like. “Like,” 
of course, refers to the degree of polarity and 
the similarity of structural features of the mole- 
cules concerned. 

A change in temperature changes the solu- 
bility of partially miscible liquids in one an- 
other, but the direction and magnitude of such 
change in solubility follows no general rule. 
Change in pressure has a negligible effect on 
the solubility of liquids in each other. 

The most commonly encountered type of 
solution is, of course, the solid in a liquid. If a 
small amount of salt is added to a glass of water, 
we have a solution which is said to be unsatu- 
rated because more of the solute can be dis- 
solved in the amount of solvent present. If we 
continue to add salt, we will ultimately reach 
the point where no further salt can be dissolved 
and the solution is said to be saturated. The 
concentration of a solute in a saturated solution 
is the solubility of the solute at the particular 
temperature. With some salts, like photo- 
graphic hypo, sodium thiosulfate, Na2S.Os, it 
is possible to form an unstable supersaturated 
solution which holds in solution more solute 
than can theoretically be held by the solvent at 
the particular temperature. Such solutions will 
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revert back to saturated solutions by precipi- 
tating the excess solute as crystals if the super- 
saturated solution is shaken, comes in contact 
with dust particles, or is "seeded" with a small 
crystal of the solute. 

As a general rule, the solubility of a solid 
in a liquid increases as the temperature 
rises. There are, however, important excep- 
tions to this general rule. Some salts exhibit | a 
decrease 1 in solubility with increased. tempera- 
ture. Such salts form scale i in boilers and leave 
der eposits in kettles ands steam irons. 


LAW OF PARTITION 


If a solid is soluble in two liquid solvents 
which, in turn, are immiscible in each other, the 
solid will distribute itself between the solvents 
in quantities proportional to its solubility in 
each solvent. This is known as the Law of Par- 
tition. This phenomenon has application in the 
extraction of a solute from one solvent by an- 
other. For example, iodine is about 650 times 
more soluble in carbon tetrachloride than in 
water. Each time a sample of water containing 
dissolved iodine is shaken with carbon tetra- 
chloride, the dissolved iodine will distribute it- 
self between the solvents as follows: 650 parts 
by weight of iodine in carbon tetrachloride to 
1 part by weight of iodine in water. Successive 
treatments of the water solution of iodine with 
fresh quantities of carbon tetrachloride will 
rapidly and effectively remove all appreciable 
traces of iodine from the water. 


EFFECTS OF SOLUTES ON PROPERTIES 
OF SOLVENTS 


Solutes may be divided into two classes: 

1. Those which when dissolved in water 
produce a solution which conducts an electric 
current. Such solutes are called electrolytes. 
Acids, bases, and salts belong to this class, Solu- 
tions of electrolytes will be considered in the 
next chapter. 

2. Those which when dissolved in water 
produce a solution not capable of conducting 


an electric current. Such solutes are called non- 
electrolytes. Let us consider the effect of non- 
electrolytes on the vapor pressure, freezing 
point, and boiling point of solvents. 


LOWERING OF VAPOR PRESSURE 


If a solute less volatile than the solvent is dis- 
solved in the solvent, the vapor pressure of the 
solution will be lower than the vapor pressure 
of the solvent. You will recall that the pressure 
of the vapor of a liquid is the result of the es- 
cape of the vapor from the surface of the liquid 
into the air in contact with the liquid. You also 
know that a solute distributes itself uniformly 
throughout the solvent, and thus takes up a por- 
tion of the surface of the solution. This has the 
effect of decreasing the number of molecules of 
solvent in contact with the air above it, and 
consequently reduces the rate at which these 
molecules escape as vapor. This, in turn, lowers 
the vapor pressure. 

The extent to which non-electrolytes lower 
the vapor pressure of their solvents depends 
upon the concentration of the non-electrolyte 
in the solution. Raoult’s Law states the effect 
thus: Equimolar quantities of different 
non-volatile solutes, when added to equal 
weights of the same solvent, lower the va- 
por pressure the same amount, and the 
ratio of the amount of lowering to the va- 
por pressure of the pure solvent equals the 
ratio of the number of moles of solute to 
the number of moles of solution. Raoult’s 
Law may be put into mathematical form thus: 

POP n 
p re xr (13) 


where: 
P = vapor pressure of solvent 
p = vapor pressure of solution 
N = number of moles of solvent 
n = number of moles of solute. 


In dilute solutions, where the number of 
moles of solvent is considerably larger than the 
number of moles of solute, the quantity (N 
+n) in Raoult’s Law may be changed simply 
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to (N) without causing too much error. This 
greatly simplifies calculations, and it modifies 
Raoult’s Law to read: 


Т 
Of course, the number of moles of any sub- 
stance is its actual weight divided by its mo- 
lecular weight. So, in the expression above, 


tet 


and M 


w 
nS = 
m 
where: 
w and W are the actual weights of solute and solvent 
respectively, and 


m and M are the molecular weights of solute and 
solvent respectively. 


Substituting these into the expression above, 
and solving for m, the molecular weight of the 
solute, we obtain: 
_ (ж) x (М) x (Р) 

WR ERIT ME 
Thus, through the application of studies into 
the nature of vapor pressure, we arrive at a 
method for finding the molecular weight of 
solids of unknown composition. We simply 
find a suitable solvent for the solid, measure the 
actual weights of the two substances forming 
the solution, measure the vapor pressure of the 
solution, and then calculate the unknown mo- 
lecular weight. This illustrates the familiar fact 
that investigation into one facet of the behavior 
of Nature frequently leads to information re- 
vealing the secrets of Nature in other areas. 


ELEVATION OF BOILING POINT 


The fact that a solution has a lower vapor 
pressure than the pure solvent neatly explains 
another phenomenon associated with solutions, 
namely, that the boiling point of a solution is 
higher than the boiling point of the pure sol- 
vent. Examine Figure 25 carefully. Here, the 
vapor pressure of a solvent has been plotted 
against temperature and is shown by the solid 
line. Such a curve would be obtained if we were 
to plot the data for water from Table XIV on 
page 51. Thedotted curve shows how the vapor 


pressure curve would be depressed if a solute 
were added to the solvent. Now, a liquid boils 
when its vapor pressure equals the atmospheric 
pressure about it. The horizontal broken line 
in Figure 25 represents standard atmospheric 


ELEVATION OF 


VAPOR PRESSURE 


TEMPERATURE 


Fig. 25. Effect of Solute on Vapor Pressure 
Curve of a Liquid 


pressure. Notice that the vapor pressure curve 
of the solution reaches the atmospheric pres- 
sure line at a higher temperature than does the 
vapor pressure curve of the solvent. Thus, the 
solution has a higher boiling point. 

Investigations into this phenomenon have 
revealed that the amount of elevation of the 
boiling point for a given solution is directly 
proportional to the molality of the solution. 
Equimolal solutions of various solutes in the 
same solvent cause the same elevation in boiling 
point. For water, solutions of unit molality boil 
0.52 °C. higher than pure water at standard 
pressure. For water solutions, then, the follow- 
ing applies: 

B—b- 0.52 x МІ. (16) 
where: 
B is the boiling point of the solution 
b is the boiling point of water 
Ml is the molality of the solution. 


It should be emphasized that the constant, 0.52, 
applies only to solutions in which water is the 
solvent. Each other solvent has its own constant 
which is, in each case, the number of degrees 
its boiling point is elevated when a non-volatile 
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solute is added to it to a concentration of 1 
Molal. 

This relationship provides stil another 
means of finding the molecular weight of a sol- 
ute. Note the following expression: 


Molality = no. of moles of solute/1000 g. of solvent. 
Thus: 


Actual wt. of solute/1000 g. of solvent 


Molality = Molecular weight of solute 


If we let: 


w = actual weight of solute per 1000 g. of solvent 
and m = molecular weight of solute, 


and substitute this into Equation (16) above, 
we get: 
(17) 


Solving this for m, the expression becomes: 
0.52 w 

mgr p (18) 

Let us work through a problem of this type. 
EXAMPLE 5: 42.75 g. of a substance are dissolved in 
250 g. of water. The solution boils at 100.26* C. at 


standard pressure. Find the molecular weight of the 
solute. 


SOLUTION: 
1000 — 
B — b = 100.26 — 100 = 0.26* С. 
Substituting into expression (18) we have: 
30.52 X471 .— 


Thus the molecular weight of the substance is 342. 
ae 


A solution freezes at a temperature below the 
freezing point of its solvent. This phenomenon 
is likewise related to vapor pressure. Examine 
Figure 26 carefully. You know that water boils 
at 100° and freezes at 0° at standard pressure. 
You are likewise aware that its boiling point de- 
creases as the pressure drops and that its freez- 
ing point raises slowly as the pressure decreases. 
This means that as the pressure goes down, the 
range of temperature between the freezing and 


LOWERING OF FREEZING POINT 


boiling points of water becomes smaller and 


smaller. Curve AB in figure 26 shows how the 
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VAPOR PRESSURS 


Fig. 26. Temperature-Pressure Effects on 
the Ice-Water- Vapor System 
Caused by Solutes 


boiling point changes as the pressure goes 
down, and curve AC shows the same for the 
freezing point. The curves meet at point A, 
which is called the triple point because here 
ice, water, and vapor are all present at the same 
temperature and pressure. Curve AG shows 
the temperatures at which water vapor freezes 
directly to ice at pressures below the triple 
point. 

As in the case of boiling point elevation, the 
amount of lowering of the freezing point is di- 
rectly proportional to the molality of the solu- 
tion. For water, solutions of non-electrolytes of 
unit molality freeze at —1.86° C. For water so- 
lutions, then, the following applies: 


F — f = 1.86 x МІ. (19) 


where: 
F is the freezing point of water 
f is the freezing point of the solution 
Ml is the molality of the solution. 


The constant, 1.86, applies only to water. 
Every other solvent has its own particular con- 
stant which is the number of degrees a solution 
of unit molality freezes below the freezing 
point of the solvent. 

Once again we have a method of finding the 
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molecular weight of the solute. The derivation 
of an expression giving us the molecular weight 
of the solute from freezing point data proceeds 
exactly as in the case of boiling point elevation. 
The expression becomes: 


1.86 w 


nr 


FOT (20) 


Let us work through a problem of this type. 


ExaMPLE 6: 14.25 g. of a substance are dissolved in 
125 g. of water. The solution freezes at —9.3° C. Find 
the molecular weight of the solute. 


SOLUTION: 
w = 14.25 X T — 114 g. per 1000 g. of solvent 
F =f =00= (9399 9.3* 
ae 1.86 X 114 а 228. 


9.3 
Thus, the molecular weight of the solute 15 22.8. 


APPLICATIONS OF EFFECTS 
OF SOLUTES 


A variety of interesting and useful applica- 
tions of the lowering of the vapor pressure of 
solvents by solutes may be pointed out at this 
time. For example, if a dish containing pure 
water and one containing a solution are placed 
side by side inside a tightly covered container, 
each liquid will begin to emit vapor into the air 
in the container. Since the vapor pressure of the 
solution is less than the vapor pressure of the 
water, the air in the container will become sat- 
urated with vapor relative to the solution first. 
Thus, any additional vapor emitted by the 
water will condense back to liquid in the solu- 
tion. Consequently, the air never gets a chance 
to become saturated with vapor rclative to the 
water, with the result that all of the water even- 
tually finds its way into the solution. This proc- 
ess is known as isothermal distillation. 
EXPERIMENT 14: Select two 1-ounce glasses. Fill one 
half full of water. Place the same volume of saturated 
sugar water in the other. With a small piece of ad- 
hesive tape, mark the level of the liquid in each glass. 


Place the two glasses inside an air-tight container, 
preferably of glass or clear plastic so you can ob- 


serve any changes. Cover the container, and set it 
aside in a location free from severe temperature 
changes. You will observe the sugar solution increase 
in volume at the expense of the water. 


This phenomenon is the principle of opera- 
tion of the various drying agents used in the cel- 
lar or in the closets of homes in moist climates. 
Solid chemicals, such as calcium chloride or 
potassium carbonate, which are very soluble in 
water, become moist in damp air. A saturated 
solution forms on their surface. The vapor pres- 
sure of this solution is less than the vapor pres- 
sure of the water in the moist air, and so more 
moisture is absorbed by the solution. Ulti- 
mately all of the solid dissolves in the moisture 
it aborbs, but even so, the solution continues to 
absorb moisture until the vapor pressure of the 
solution equals the pressure of the water in the 
atmosphere. This phenomenon is known as 
deliquescence, and deliquescent chemicals 
used as drying agents are called dessicants. 

You are, of course, familiar with various ap- 
plications of the lowering of freezing points. 
You have added alcohol or ethylene glycol 
(permanent anti-freeze) to the radiator of your 
car to lower the freezing point of the water. 
We will learn in the next chapter why salt is 
more effective than non-electrolytes such as 
sugar in causing the ice on your sidewalk to 
melt. 


Problem Set No. 10 


1. The vapor pressure of water at 20° is 17.5 mm. 
and that of a solution of 23 g. of glycerin in 500 
g. of water is 17.34 mm. Find the approximate 
molecular weight of the glycerin. 

2. 12.4 g. of ethylene glycol, СНО», are dissolved 
in 200 g. of water. At what temperature will this 
solution boil at standard pressure? 

3. 15.5 g. of a solute are dissolved in 100 g. of water. 
At standard pressure, the solution boils at 101.3° 
C. Find the molecular weight of the solute. 

4. 11.5 g. of a solute are dissolved in 100 g. of water. 
The solution freezes at —2.325* C. Find the molec- 
ular weight of the solute. 

5. 6 quarts of ethylene glycol are mixed with 12 
quarts of water in the radiator of a car. The spe- 
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cific gravity of the glycol is 1.26. Its molecular 
weight is 62. The specific gravity of water is 1. 
Find the Fahrenheit temperature at which this 
solution will freeze. 


SUMMARY 


A solution consists of a solute dissolved in 
a solvent. A concentrated solution contains 
more solute per unit volume than does a dilute 
solution. 

A standard solution is one of accurately 
known concentration. 

The solubility of a substance is the maxi- 
mum amount of it that can be dissolved in a 
given amount of a solvent at a specified tem- 
perature and pressure. 


For gases dissolved in liquids: as the tempera- 
ture increases, the solubility decreases; as the 
pressure increases, the solubility increases. 

For liquids dissolved in liquids: like dissolves 
like. 

For solids dissolved in liquids: as the tem- 
perature increases, the solubility usually in- 
creases. 

Nonvolatile non-electrolytes alter the 
properties of their solvents as follows: 


1. They lower the vapor pressure. 
2. They elevate the boiling point. 
3. They lower the freezing point. 


Deliquescent solids dissolve in the moisture 
they absorb from the atmosphere. 


CHAPTER 9 


SOLUTIONS OF 


Electrolytes are solutes which, when dis- 
solved in water, produce a solution which con- 
ducts an electric current. The behavior of solu- 
tions of electrolytes is remarkably different 
from the behavior of solutions of non-electro- 
lytes. Their chemistry is both interesting and 
important. 


EXPERIMENT 15: Construct a conductivity apparatus 
as follows. Materials: 2 porcelain sockets, piece of 
wood approximately 6" x 4" х 4”, extension cord 
with male wall plug at one end, 5” piece of wire, 250 
watt light bulb, 25 watt light bulb, clamp to hold the 
apparatus horizontal Attach the two sockets side- 
by-side to the wood as shown in Fig. 27. Wire the 
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BOTTOM VIEW 
Fig. 27. Conductivity Apparatus 


two sockets in series as shown in the same diagram. 


Remove the glass from the 250 watt bulb and also | 


the thin filament between the filament support wires, 
and insert this into one of the sockets. Place the 
other bulb in the other socket. Clamp in place with 
the bulbs hanging down from the wood. 


EXPERIMENT 16: Prepare water solutions of the fol- 
lowing substances: sugar, alcohol, table salt, baking 
soda, washing soda, lye. Using the conductivity ap- 
ratus prepared in the previous experiment, check 
the conductivity of each of the solutions by lifting 
the container up to the wires in the opened light 
bulb. The 25 watt bulb will light if current passes 
between the immersed wires. Use caution! Unplug 
the apparatus after each solution is tested, and 
clean the wires with a cloth. Also check on the con- 
ductivity of pure water, pure alcohol, dry sugar, 


ELECTROLYTES 


and dry table salt. Which of the solutes are electro- 
lytes? Must the solvent be present to have conduc- 
tivity? 


ABNORMAL BEHAVIOR OF 
ELECTROLYTES 


Two major differences between the proper- 
ties of electrolytes and non-electrolytes are: 


1. Solutions of electrolytes conduct elec- 
tricity. 

2. While electrolytes alter the properties of 
solvents in the same way as non-elec- 
trolytes, they do so to a much greater 
degree. 


Table XX presents data regarding the freezing 
points of solutions. 


Table XX 


Freezing Points of Water Solutions 


Freezing 

Point 

Solute Molarity 7, QE 
Glycerin 0.1 —0J87 
Ethyl Alcohol 0.1 —0.183 
Sugar 0.1 — 0.188 
AC 0.1 -H 757 
KCl 0.1 —0.345 
NaCl 0.1 ODAS 
Na,SO, 0.1 —0.434 
TIOR 0.1 c rere 
МС 0.1 = 0,539 


In Table XX, the first three substances are non- 
electrolytes. The others are electrolytes. Note 
the difference in the lowering of the freezing 
point of water caused by the two types of 
solutes. The non-electrolytes average 1.86° C. 
per mole of solute. НСІ, KCI, and NaCl cause 
almost twice that amount of lowering, while 
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Na,SO,, CaCl,, and NiCl; produce more than 
twice and nearly three times as much lowering 
as non-electrolytes, Boiling point elevation data 
and vapor pressure lowering data for these same 
solutes would show the same degree of dissimi- 
larity. Such abnormal behavior requires ex- 
planation. 


IONIZATION 
The Theory of Ionization, first proposed by 


ARRHENIUS, and then modified by subsequent 
investigation, adequately explains the behavior 
of dilute solutions of electrolytes. According 
to this theory, electrolytes dissociate into posi- 
tively and negatively charged ions in solution. 
These charged ions are free to migrate through 
the solution, and thus are responsible for the 
conductivity of solutions of electrolytes. 
The following equations show the dissocia- 
tion of some electrolytes into their ions. 
Не) SED Sen 
NaCl = Nat + СІ- 
Na,SO, = 2 Nat + SQ,7- 
CaCl, = Cat +t + 2 Cl-. 
Note that the charge on each ion is the same 
as the valence number of the atom or radi- 
cal. 
Electrolytes may be divided into three types 


of substances: 


1. Acids. Substances which ionize in solu- 
tion to produce hydrogen ions (H*). 

2. Bases. Substances which ionize in solu- 
tion to produce hydroxide ions (ОН). 

3. Salts. Substances which ionize in solu- 
tion, but which produce neither hydro- 
gen nor hydroxide ions. 


The ionization equation of an electrolyte 
furnishes us with a strong clue concerning the 
explanation of the abnormal behavior of solu- 
tions of electrolytes. Notice that in the equation 


KC) = K+ --CGl-, 
we see that for each mole of KCI that ionizes, 


one mole of potassium ions and one mole of 
chloride ions are formed. Thus, we get two 


moles of particles in solution for each mole of 
solute dissolved, or twice Avogadro’s number 
of particles in solution. А non-electrolyte, 
which separates into molecules in solution, 
produces only one mole of particles in solution 
for each mole of solute dissolved. These facts 
lead directly to the idea that the alteration of 
properties of solvents by solutes depends not 
merely upon the concentration of the solute, 
but more precisely upon the total number of 
particles in solution. Since a salt like KCI pro- 
duces twice as many particles in solution as 
substances like glycerine or sugar, we might 
expect that KCI would lower the freezing point 
of water twice as much as an equimolar solu- 
tion of a non-electrolyte. The data in Table 
XX are in general agreement with this idea. 
Actually, KCl lowers the freezing point of 
water about 1.85 times as much as the non-elec- 
trolytes do. Similarly, МИС, which ionizes 


МЄ Nite Gl- 


and which thus produces three moles of parti- 
cles per mole of solute, lowers the freezing 
point of water almost three times as much as 
non-electrolytes do. Actually, NiCl, causes а 
lowering of about 2.9 times that of a non-elec- 
trolyte. 

The question might well be raised: Why 
doesn't KCI lower the freezing point of water 
precisely twice as much as a non-electrolyte? 
The first answer given was: Electrolytes ionize 
slightly less than 100%. However, subsequent 
investigation caused this answer to be rejected. 
All of the electrolytes in Table XX ionize 
100%. The answer lies, rather, in the fact that 
the ions formed possess electrical charges and 
are free to move about in the solution. As you 
know, opposite charges of electricity attract 
one another, so as the ions move about, they 
occasionally come close enough to an op- 
positely charged ion to be attracted to it and be 
held momentarily by it. This has the effect of 
producing a single particle from two particles. 
Now we know that water molecules are polar, 
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and it is the polarity of water which causes 
ionic solutes to dissociate. The polar water 
molecules jiterally surround an ion, partially 
reduce the intensity of ats attractive force, a and 
float the 10 Of тг the solutron. When sons 
momentarily recombine, the РЕ molecules 
quickly pull them apart, Nevertheless, at any 
onc Instant of time, a percentage of the Tons of 
an electrolyte wall be momentarily held то- 
gether. The number so held depends upon the 
coni sentration of the solution and upon the 
nature of the rons present. It will be larger in 
clatively more concentrated solutions, larger 
if the rons themsclwes are of relatively large 
size, and larger it the charge on the юп is more 
than one unit. 

Lect us look at the arithme 
esult ot these recombinations Suppose that a 
solution initially contams 100 K* ons and 100 
Cl” ioni. Let us suppose further that 10%, of 
these rons are recombined at any imstant. The 
total number of particles m solution wall then 


ne mvolved as à 


be: 

90 К> лов 

90 CI^ sans 

106 KCl рагы! 
or, тоб гга! particles, 


This, the original 200 particles will be redoced 
im Humber by 595. This explanation, b on 
the Theory of lonization, explams the abhor- 
fal behavior of soltinons of olectrolvtes. 


CONCENTRATION OF YONS IN SOLUTION 

When an eiectrolvte that jomizes 100%, as 
dissolved ta water, the concentration of the 
"ans present depends upon the tormüla af the 

electrah’te dissalved. For example, it 0.1 male 
ої NaCl is dissolved in a liter of water, the con- 
centration ot each von will be 0.1.M. A glance 
at the wnizatan equation of NaCl shows us 
why. 


rud 
а 


NaCl е Nat & C=, 
The eonation ‘tells us that for each mole of 
NaCl dissolved, one male of cach юй is formed. 
However, iet us look at the ionization equation 
of salt like aluminum sulfate, Al (SOY. 


| &iprocal at cle 


41.050, \ =2 Alt? + PEN 4 


Here, for cach mole of salt dissolved, 2 moles 
of aluminum 10n and 3 moles E ai lon are 


released inte the solution. Thus, it 0.1 molest 
alumtnum sultate ts dissolved in a liver of water, 
the cancentratran at AT* * * will be 0.2 M, and 
the will be:0.5 M. 
STRONG AND WEAK ELECTROLYTES 
as à Te- 


concentration of SQ, - - 


Jans possess electoical charges, and 
sult, solutions containing rons are able to carry 


e stneal currents. [he conduecudveity of solt- 
tons 01 ¢lectrolyres has бооп thoroughly 


studied, © onductivity is, by definition, the re- 
strical resistance. The units of 
conductivity arc. mha, pronounced “recipre- 
cal ohms"! The conducuvities of many soli- 
cons have been accurately measured. We may 
assume that the total amount at ele сетку Car- 
red by a solution ot ап clectrolyte 15 ‘the sum 
af the electricitv carried bw each af the Jons 
present, Table XXI gives the conductieity ot 
0.1 M solutions of the electrolytes indicated, 


Pig. 25. Electrical Conduction of 
Solutions of Electrolytes 


Let as now apply some arithmetical opera- 


tions to these data to learn sameching about the 


Table XXI—Conductivity of Solutions 


= 


Elecrrolw te Molarity 
Асепе acid, МСО, 0.1 457 
Hydrochloric acid, FICI 0.1 3506 
Nitric acid, HNO, wi 3404 
Sodium averare, МС О» ол 619 
Sodium chlonde, NaCl 04 02.0 
Sodium nitrate, NaNO, 0A $4 
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1. If they can combine to form weak elec- 
trolytes. 

2. If they can combine to form relatively 
insoluble substances. 

3. If they oxidize or reduce one another or 
other molecules present in the solution. 


The reactions of type 3 will be discussed in the 
next two chapters. We will concentrate at this 
time on the first two types of ionic reactions. 

You now know all the weak electrolytes. 
Any electrolyte not included in the listing of 
strong electrolytes above may be considered 
as weak. Incidentally, water is one of the 
most important weak electrolytes. At room 


Table XXII 
Solubility Chart 


Substance General Rules 

Na* All sodium salts are soluble. 

4 All potassium salts аге solu- 
ble. 

Nas All ammonium salts are solu- 
ble. 

Ав? All silver salts, except 
AgNO,, are insoluble. 

C,H,O, All acetates, except silver ace- 
tate, are soluble. 

NG,- All nitrates are soluble. 

Els All chlorides, except AgCl, 
PbCl,, and Hg:Cl,, are sol- 
uble. 

SOT All sulfates except those of 
Ba, Pb, Ca, Hg, and Ag are 
soluble. 

OH- All hydroxides except those 
of Na, K, NH,, and Ba are 
insoluble. 

(CO S All carbonates except those of 
Na, K, and NH, and insol- 
uble. 

sp All sulfides except Na, K, 


NH,, Mg, Ca, and Ba, are 
insoluble. 
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temperature it is ionized 0.00001%. As to the 
relatively insoluble substances, Table XXII 
will assist you in deciding whether or not a 
given electrolyte is soluble. 


SAMPLE IONIC REACTIONS 


In the following cases, solutions of the two 
electrolytes indicated are to be mixed. Let us 
see how we can tell what reaction, if any, is to 
take place. 

1. NaCl + КМО, 

NaCl = Nat. +G> 
КМО, = NOL + К+ 

Examining the vertical arrangement of 

the ions present in the mixed solutions 

reveals that the potential products are 

both salts (strong electrolytes), and both 

are soluble. Therefore, no reaction 

takes place in solution in this case. 
ыл AgNO, 

NaCl = Nat +С 
AgNO; = NO,- + Ag+ 
Examining the vertical arrangement of 
ions we see that the potential products 
are NaNO, and AgCl. Both are salts 
(strong electrolytes), but AgCl is not 
soluble, so a reaction takes place in this 
case. The equation for the reaction may 
be written in the following forms: 

(a) Formula form: 
NaCl + AgNO; = AgCl + NaNOs. 
The underline indicates that AgCl pre- 
cipitates out and that the remaining liquid 
is a solution of NaNO,. 
(b) Ionic form: 
(Na*,Cl-) + (Ag*;NOs7) = AgCl + 
Nat + NO;7. 
This indicates that a solid precipitates 
from two soluble electrolytes and shows 
the ions left in solution. 
(c) Net ionic form: 
Agt + CI- = AgCl. 
This shows the heart of the reaction, in- 


Each ionizes: 


Each 10nizes: 
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dicating that the free ions from any 
source will undergo the reaction. 


a МАСОН 


Each ionizes: 


Na,CO; = 2 Nat + СОз-- 
26] —p 2.2 Н 


The vertical alignment indicates that one 
of the products is the weak acid, Н„СО,, 
carbonic acid. Therefore, a reaction takes 
place. (Each of the substances in the 
second equation was given a coefficient of 
2 in order to balance the charges in the 
two equations.) This reaction may then 
be written: 


(a) Formula form: 
NaCO; + 2 НСІ = HCO; + 2 NaCl 


There is no underline here because the 
H,CO, remains in solution. (NOTE: 
Carbonic acid, H;CO,, is really a solution 
of the gas CO, in water. When CO, dis- 
solves in water, it forms molecules of 


HCO; thus: 
CO; ES Н.О = НСО}. 


Now СО, is not highly soluble in water, 
so if the amount of H,CO, formed in the 
reaction above is in excess of the amount 
that would be present in a saturated solu- 
tion of CO,, the H;CO, will decompose 
and CO, will bubble out or effervesce 
from the solution, until all the excess CO, 
has been emitted. This same discussion 
applies to another weak acid, sulfurous 
acid, H;SO,, which is a solution of sulfur 
dioxide, SO,, in water.) 
(b) Ionic form: 
(2 Na*,CO;,--) + 2 (H*,CI-) = HCO; + 
2 Na+ -2Cl-. 


(c) Net ionic form: 
2H* + GQO&- = 
Е МАО T HC) 


uic МаӨЕ — Nat + OH- 
Each ionizes: HO Q- 4 H? 


= Н,СО,. 


From the vertical alignment of ions, we 
see that one of the products is the weak 
electrolyte water, H,O. So a reaction 
takes place. 


(a) Formula form: 
NaOH + НСІ = Н.О + NaCl. 
(b) Ionic form: 
(Na*,OH-) + (H*,CI-) = H20 + Na* +CH. 
(c) Net ionic form: 
H+ + OH- = H,O. 


This reaction between an acid and a base 
is known as neutralization. The net 
ionic form of the reaction tells us that 
any acid, strong or weak, will neu- 
tralize any base, strong or weak! 


CHEMICAL EQUILIBRIUM 


We have seen that weak electrolytes are only 
slightly, or partially, ionized. The conductivity 
data for acetic acid in Table XXI and the arith- 
metical treatment of it led us to that conclusion. 
But what accounts for the fact that every single 
0.1 M solution of acetic acid at room tempera- 
ture is ionized to the same extent? How do 
the molecules of acetic acid know when to stop 
ionizing? What keeps score for them on the ex- 
tent of ionization? 

Well, perhaps apologies are in order, for 
the last two questions are a bit unfair and mis- 
leading. Nature just doesn't behave that way. 
The explanation of the phenomenon of partial 
ionization can be found if we think about things 
we already know. When any electrolyte, 
strong or weak, is added to water, the polar 
water molecules begin to dissociate the elec- 
trolyte into its ions. Thus, a concentration of 
ions in solution begins to build up. The ions, 
of course, possess opposite electrical charges 
and thus can attract one another. In the case of 
strong electrolytes, water molecules are suf- 
ficiently polar to prevent any permanent re- 
combinations of these ions. But in the case of 
weak electrolytes, water is less effective, and 
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recombination of ions begins to take place as 
soon as any appreciable concentration of ions 
is present in the solution. So, in the case of weak 
electrolytes, we have two processes taking 
place simultaneously in opposite directions, 
dissociation and recombination. Initially, the 
dissociation takes place at a faster rate than the 
recombination, but eventually, as the concen- 
tration of ions builds up, the rate of recombina- 
tion catches up to the rate of dissociation, after 
which, both processes continue to proceed 
at THE SAME RATE. The apparent effect of 
this is no change, for the two processes nullify 
one another. When two opposing processes 
take place simultaneously at the same rate, 
a state of equilibrium exists. 

Actually we have seen several equilibrium 
situations in addition to partial ionization. 
When the air in contact wth a liquid is satu- 
rated with the liquid’s vapor, this means that 
the rate of evaporation is equal to the rate of 
condensation. When a solution is saturated 
with a solute, this means that the rate of dis- 
solving is just equal to the rate of precipitation 
from solution. In each of these cases, both proc- 
esses continue. The equality of rate creates 
the illusion of static conditions. 

The position of equilibrium is the extent 
to which one of the processes progresses before 
the opposite process catches up with it. For ex- 
ample, a 0.01 M solution of acetic acid at room 
temperature is ionized about 4%. This means 
that if 0.01 mole of pure acetic acid is dissolved 
in a liter of water, about 4% of the solute will 
have ionized by the time equilibrium is reached. 
It also means that if 0.01 moie of hydrogen ion 
and 0.01 mole of acetate ion are added to a liter 
of water from different sources, the two ions 
will have combined to an extent of about 96% 
by the time equilibrium is reached. 

The position of equilibrium is not fixed. It 
depends upon: 


1. The nature of the substances involved. 
2. The temperature. 


3. The pressure (when gases are involved). 
4. The concentration. 


For example, each different weak electrolyte 
has its own degree of ionization at a given tem- 
perature, pressure, and concentration. An in- 
crease in temperature speeds up a process 
which absorbs energy and slows down one that 
gives off energy. Thus an increase in tempera- 
ture will shift the position of equilibrium in the 
direction of the process absorbing energy. In 
many reactons involving gases, the number of 
moles of gas on each side of the equation 1s not 
necessarily the same. A difference in number 
of moles of gas is, of course, a difference in vol- 
ume. An increase in pressure always shifts the 
position of equilibrium in the direction of the 
reaction producing the smaller volume. The 
Principle of LeChatelier sums up the effects 
of changes in any of the factors influencing the 
position of equilibrium. It states: A system in 
equilibrium, when subjected to a stress re- 
sulting from a change in temperature, 
pressure, or concentration, and causing 
the equilibrium to be upset, will adjust its 
position of equilibrium to relieve the 
stress, and re-establish equilibrium. 


LAW OF MASS ACTION 
The effect of concentration on equilibrium 
is contained in the Law of Mass Action. This 
law states: the velocity of a reaction is pro- 
portional to the product of the molar con- 
centrations of the reacting substances, 
taken to proper powers, the powers being 
the coefficients of the reactants in the bal- 
anced equation for the reaction. Consider 
the following hypothetical reaction: 
mA + nB = pC + qD. 
Let us assume that an equilibrium will be estab- 
lished between the substances on the left and 
those on the right. This means that we are thus 
dealing with two reactions, one proceeding to 
the right and the other proceeding to the left. 
According to the Law of Mass Action, the rate 
of the reaction to the right is: 
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тү Лх Ae QD) 
where: 
гу is the reaction velocity or rate, 
(A) is the molar concentration of substance A, 
(B) is the molar concentration of substance B, 
k, is the constant of proportionality. 


Note with care the use of parentheses to indi- 
cate the molarity. 

Similarly, by the Law of Mass Action, the 
velocity or rate of the reaction to the left will 
be: 

fo = ke X (C)? x (0) 
Now, at equilibrium, the two rates will be 
equal. So, if 
rs =T then: 
kə x (C)? x (D) = k, x (A)? x (B)? 

COPD) Tkr (1) 

(А) 08) kə 
Equation (1) is known as the generalized 
Law of Mass Action expression. It applies to 
all equilibrium situations. Note that the nu- 
merator contains the molar concentrations of 
the substances, to proper powers, which usually 
appear on the right side in a balanced chemical 
equation. This is an adopted convention. The 
constant, K, is a constant for a given tempera- 
ture. Let us now examine some of the applica- 
tions of the Law of Mass Action expression to 
weak electrolyte systems. 


=K, 


IONIZATION CONSTANT 


If we know the percentage ionization of a 
weak electrolyte and its concentration, we can 
compute K in the Law of Mass Action expres- 
sion for the electrolyte. In this case, K is known 
as the ionization constant. 

ExAMPLE 1: А 0.1 M solution of acetic acid, HC53H3O;, 
is 1.32% ionized at equilibrium. Find its ionization 
constant. 
SOLUTION: Acetic acid ionizes: 
HOC RTO =H eHO 

The Law of Mass Action expression for this reac- 
tion is: 

(H+) x (C2H:0:7) 


(HCGH,0) "E 


We are given that 1.32 96 of the acid is in ionic form. 
Therefore: (H+) — 0.1 x 0.0132 = 0.00132 M 


(СНзО-) = the same, for the ions 
are formed in equal 
amount. 


(НС:НзО,) = 0.1 — 0.00132 = 0.09868 M 
Substituting into the expression, we obtain: 
(0.00132)? 
0.09868 
This constant applies to all equilibrium solu- 
tions of acetic acid at room temperature. 
NOTE: In finding (HC;H;O;), we subtracted 
a very small number from a relatively larger 
one, If we had ignored this subtraction, our 
answer would not have been materially af- 
fected. Therefore we will ignore the effect 
of that part of the weak electrolyte which 
has ionized in future applications. We will 
assume, instead, that the concentration of 
electrolyte remaining un-ionized is the same 
as the original concentration of the electro- 


lyte. 


= 1.76 X 10-5, 


Once we know the ionization constant for a 
weak electrolyte, we are then able to calculate 
additional properties of other solutions of this 
electrolyte. 

EXAMPLE 2: The ionization constant of acetic acid is 
1.8 х 10—5. Find the (Н+) in a 0.01 M solution of 
this acid. 
SOLUTION: First we write the ionization equation: 
HC;H;O0; = Н+ + GGH;O,-. 
From this, we write the Law of Mass Action expres- 
sion: 
(Н+) x (С.Нз0-) 
(НС,Нз0О,) 
Now, let (H+) = x. 
Then (С.НзО-) = X, because both are formed in 
same amount. 


== sco 


(HC;H303) = 0.01. 
Substituting, we get, 
AU, 16 
OL 1.8 X 10 


X? = 1.8 х 1077 = 18 x 10-8 
X — 4.2 X 107* M. — 0.00042 M. 


ExAMPLE 3: What is the percentage of ionization of 
the acid in Example 2? 
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Sotution: If the 0.01 M acetic acid were 100% 
ionized, the concentration of H+ would be 0.01 M. 
So, to find the percentage ionization of the acid, we 
divide the actual (H+) by 0.01 and multiply the re- 
sult by 100, thus: 


4.2 X 1074 x 10? 
] x19 

EXPERIMENT 18: Compare the percentage ionization 
of 0.1 M and 0.01 M acetic acid in Examples 1 and 3 
above. Check the conductivity of pure vinegar in 
the conductivity apparatus made in Experiment 15. 
Now add small quantities of water (is water a con- 
ductor?) to the vinegar, checking the conductivity 
after each addition. You will observe the gradual 
brightening of the lamp because the percentage ioni- 
zation of a weak electrolyte increases with dilution. 
Repeat the procedure with ammonia water. 


= 4.2%, 


pH 


The concentration of hydrogen ions in any 
water solution is normally a matter of impor- 
tance, for the hydrogen ion is responsible for 
all acid properties. Water is a very weak elec- 
trolyte, which means that it ionizes to a slight 
extent as follows: 


Н.О = Н+ + ОН-. 


Thus, any time water is present, some of its 
ions are likewise present. It is known that water 
is 0.00001% ionized at room temperature. 
Therefore, the concentration of each of the 
ions in pure water at room temperature is 1 X 
10 M, 

As you may have observed, the concentra- 
tion of hydrogen ion in pure water and in di- 
lute solutions of weak acids is usually a very 
small number. To avoid the use of such num- 
bers, scientists have devised a scale for indicat- 
ing the concentration of hydrogen ion which 
is known as the pH scale. It is defined as fol- 
lows: the pH is the logarithm of the recip- 
rocal of the molar concentration of the hy- 
drogen ion. In mathematical form, it is: 

l 
н): $4 
The pOH is defined in similar terms. Mathe- 
matically, it is: 


pH = log 


Е 1 
рОН = log (0H^* (3) 


The pH of pure water may now be com- 
puted. 
1 
pH Fao 
Since, in pure water, the (OH-) = (Н+), the 
pOH will also be 7. From the Law of Mass 
Action, it can be shown that the following im- 
portant relationship holds whenever water is 
present: 


(Н+) х (ОН-) = К,=1 х 10-14 (4) 
Therefore, for any system containing water: 
pH + pOH = 14. (5) 

We have seen that the pH of pure water is 
7. If a solution has a pH of less than 7, it 
means that the concentration of hydrogen ion 
is greater than it is in pure water, Therefore, 
such solutions exhibit acidic properties. Simi- 
larly, if the pH is greater than 7, the solution 
will be basic. 

Table XXIII gives the logarithms of num- 
bers from 1.0 to 9.9. It will be of value in find- 
ing the pH of solutions in problems. 

Let us now study a few examples involving 
the calculation of pH. 


= log 107 =7. 


ExAMPLE 4: А 0.1 M solution of acetic acid has a 
hydrogen ion concentration of 1.3 х 10-8 M. Find 
the pH of the solution. 


SOLUTION: 
pH = log ———— HS 
= log yar. 
1.3 х10—8 
3 
= log 2. = log 108 — log 1.3 
= 3 — log 1.3. 


pH = 3 — 0.11 = 2.89. 


Note the make-up of the second last line in the solu- 
tion. It is the exponent of 10 (with sign changed) 
minus the log of the coefficient of 10. This can be 
taken as a rule for writing pH quickly. Thus, if a 
(H+) = 2.8 x 10-4, the pH would be 4 — log 2.8. 


o а 


—— -—— 
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Table XXIII 


Logarithms of Numbers 

N Іоў М log М 0 М 10 N log 
1.0 0.00 м) wW48 5.0 . 45:70 21406 :- (6085 POKOS | 
WI 0:04 3.1 0.49 ЭЕ Ота Vd 0.85 Oh ы 096 
1.2 0.08 3.2 — ON" S 0.2 7.2 0.86 Жл 096 
ig^ -041 $33 — 0352 Бис CE 7.3 0.86 o. 3 a 07 
dies 0:15 $4 i, 53 See к ОУ Теа ОО йл» буЛ 
eS п 0.18 3 X054 5.5. 0.74 V OBS 9.5. 0.98 
16. 0.20 3:6 '7 0.56 5 6: н 0.25 7.6. .:0:88 9.6 0.98 | 
bd. 023 $0 49. 37 5.48 — 9. 45 dod @;@9 Эа 19.99 
К 3:50.26 3.8. 10058 5-8 10/6 449. 0.89 9.8 0.99 
МГ = 40.28 38951 16.59 5.9 (0.7 79, 0.90 9.9» „20:99 
2.0 050 4.0 0.60 619 — DG 8.0 0.90 

oye, yu. 32 4.1 0.61 ӨЛ 0:79 8.1 0.91 

Am 40°34 mU — U'62 Ga 1. 9479 98,27. NOT 

2 a 36 4.3 0.63 6:3 0.80 8i» — 20307 

ZG 4.38 44 0.64 6.4 0.81 8.4 0.92 

Jb5e —0.40 4.5 0.65 6155 TOSA Soe 3 

2G 042 4.6 0.66 6.6 0.82 8.6 0.93 

ae) © 43 4. ^ 0967 Go Ж 1:83 8&7 0.04 

gum "Qus 4.8 0.68 6.8 0.83 QS 26 

2.9 0.46 noe Юя 6.0 1.0.85 0:95 


The pH of 2.89 in this example is less than 7. This 
indicates that the solution is definitely acidic. 


EXAMPLE 5: The ionization constant of ammonium 
hydroxide, NH,OH, is 1.8 х 10-5, For a 0.01 M 
solution of this substance, find: 


(a) The concentration of OH-. 
(b) The pH. 
(c) The percentage ionization. 
SOLUTION: 
(a) The ionization equation is: 
NH,OH = NH,* + OH-. 
The Law of Mass Action expression, then is: 
(NH,*) x (OH-) 
(МН.ОН) 
(ОН-) =X. 


= 0600 09 


Let: 
Then: 


(NH,*) = X, (both formed in same amount) 
(NH,OH) = 0.01. 


Substituting into the Law of Mass Action expression: 


ху. Ёс 
001 =1.8 х 10 
= Ls x97 — 18.305 °. 


So, (OH-) =X 242 x 10-4 M. 


(b) 
pOH = log (m 
= 4 — log 4.2 = 4 — 0.62 = 3.38. 
pH = 14 — pOH = 14 — 3.38 = 10.62. 
Since the pH is greater than 7, the solution is basic. 
(el 


conc. of ions 


————ÁÓL— x1. 
conc. of electrolyte 


Percentage ionization — 
— 4&2 X 107* x 1 


5 = = 4.2%. 


86 Chemistry Made Simple 


COMMON ION EFFECT 


An interesting phenomenon occurs when a 
common ion is added to a solution of a weak 
electrolyte. Consider the ionization of ammo- 
nium hydroxide: NH,OH = NH,* + ОН-. Sup- 
pose that more ammonium ion were to be 
added to a solution of NH,OH by dissolving 
some NH,Cl salt in the solution. According 
to the rule of Le Chatelier, the increase in 
concentration of ammonium ion would up- 
set the equilibrium in the equation above, 
and the position of equilibrium would shift 
toward the left to relieve the stress. This, then, 
should have the effect of decreasing the con- 
centration of hydroxide ions in soluuon. In 
other words, the addition of the salt would have 
the effect of partially neutralizing the base! Let 
us check this with a numerical example. 
ExaAMPLE 6: To а 0.01 M solution of NH,OH, suffi- 


cient NH,Cl is added to increase the concentration 
of NH,* to 0.03 M. Find: 


(a) The concentration of OH- 
(b) The pH of the solution. 


SoLuTion: The ionization equation is: 
МН.ОН = NH,* + OH- 
The Law of Mass Action expression is: 
CNET, ух (OH) 
(NH,OH) 
(ОН-) =X 
(NH,+) = 0.03 М 
(NH,OH) = 0.01 M 


Substituting into the Law of Mass Action expression: 


in the solution. 


— 1.8 X 10-5, 
(а) Let: 


003xX . E 
iro ee р: 
(GH-)= X — 06x 1955 — сю x то М. 


In Example 5, we saw that the (OH-) in a 0.01 M 
solution of NH,OH was 4.2 X 10-4. So the effect of 
adding the common ion was indeed to lower the 
concentration of hydroxide ion. 


(b) pOH = 6 — log 6.0 = 6 — 0.78 = 5.22. 
pH = 14 — рОН = 14 — 5.22 = 8.78. 
The addition of the ammonium ion changed the pH 


from 10.62 to 8.78, a value much closer to 7. So we 
see that the salt actually partially neutralizes the base. 


The common ion effect may be summarized 
as follows: The addition of an ion in com- 
mon with an ion of a solute represses the 
dissociation of the solute. 


HYDROLYSIS 


When an acid and a base neutralize one an- 
other, the products formed are a salt and water. 
On this basis, four different types of salts are 
possible: 


1. A salt of a strong acid and a strong base, 
e.g., NaCl from NaOH and НСІ. 

2. A salt of a strong acid and a weak base, 
eg, NH,Cl from NH,OH and НСІ. 

3. A salt of a weak acid and a strong base, 
e.g., NaCO; from NaOH and Н,СО,. 

4. A salt of a weak acid and a weak base, 


e.g., NH,CN from NH,OH and HCN. 


Salts may therefore possess ions of weak elec- 
trolytes which are capable of reacting with 
the ions of the water in which the salt is dis- 
solved to form molecules of weak electrolytes 
in solution. Such a reaction is known as hy- 
drolysis. Let us investigate each type of salt to 
see what the possibilities for hydrolysis might 
be. 


CASE 1: Salt of a strong base and strong acid. 
NaCl] = Nat + Cl- 
H:O = OH- + Н+ 
Examination of the vertical arrangement of the 
ions formed in solution shows that the poten- 


tial products in each case, NaOH and HCl, 


NaCl ionizes: 


Its solvent, H20, ionizes: 


are both strong electrolytes, both are 100% 


ionized, and thus neither will form molecules 
in solution. Therefore, this class of salt does 
not hydrolyze in solution. 


CASE 2: Salt of a weak base and a strong acid. 
МН,СІ ionizes: NH,Cl = NH,* + Cl- 
Its solvent, H20, ionizes: HO = OH- +Ht 
Examination of the vertical alignment of ions 
present quickly shows that the weak electro 


lyte, NH,OH, will form in this solution. Note 
that this will sweep hydroxide ions out of solu- 
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tion and bind them up in the NH,OH mole- 
cules. Hydrogen ions will thus be left in excess 
in the solution, and the solution will become 
acidic. Therefore, this class of salt hydrolyzes 
to produce acidic solutions. 


CASE 3: Salt of a strong base and a weak acid. 
NaCO; ionizes: NaCO; = 2 Nat + CO,-—- 
Its solvent, Н.О, ionizes:2 Н.О = 2 OH- +2 Н+ 


Examination of the vertical alignment of the 
ions present quickly shows that the weak elec- 
trolyte, H,CO,, carbonic acid, will form in this 
solution. Note that this will sweep hydrogen 
ions out of solution and bind them up in mole- 
cules of carbonic acid. Hydroxide ions will 
thus be left in excess in solution, and the solu- 
tion will become basic. Therefore, this class of 
salt hydrolyzes to produce basic solutions. 


CASE 4: Salt of a weak base and a weak acid. 

NH,CN, ammonium cyanide, ionizes: 
NH,CN = NH,* + CN- 
БОО ЮН +H 


Examination of the vertical alignment of ions 
present shows that two weak electrolytes, am- 
monium hydroxide and hydrocyanic acid, will 
form in this solution. Most of the ions will be 
swept out of this solution and it will thus be a 
very poor conductor of electricity. The acid- 
ity or alkalinity of this solution depends upon 
which of the two weak electrolytes formed is 
weaker. In this case, the ionization constant of 
NH,OH is 1.8 X 105°, while the ionization 
constant of HCN is 4 X 107, This shows that 
HCN is a much weaker electrolyte than 
NH:OH, and that HCN is ionized to a much 
less extent. Therefore more hydrogen ions will 
be removed from this solution than hydroxide 
ions, and the solution will become very slightly 
basic. Salts of this class hydrolize extensively 
producing solutions which are either slightly 
acidic or slightly basic, depending upon the 
particular weak electrolytes formed in the so- 
lution. 


Its solvent, НО, ionizes: 


salt, NaCl, baking soda, NaHCO;, and washing soda, 
№а,СОз To each of these salt solutions add a few 
drops of phenolphthalein solution prepared in Ex- 
periment 5. In which 2 solutions is hydrolysis taking 
place? Compare them for degree of hydrolysis. You 
will observe that the washing soda is considerably 
more alkaline. 


There are two other conditions under which 
the hydrolysis of a salt will take place: 


1. If an insoluble hydroxide forms. 
2. If a volatile gas forms. 


Let us briefly look at these possibilities. 
Magnesium chloride, MgCh, ionizes: 

MgCl, = Mg++ + 2 Cl- 
Its solvent, Н.О, ionizes: 2 HzO = 2 OH- + 2 H+ 
Examination of the vertical alignment of ions 
presentshows that Mg(OH),, a strong base but 
an insoluble one, will form in this solution. 
This will remove hydroxide ions from solu- 
tion, leave hydrogen ions behind in excess, and 
thus produce an acid solution. 

We have seen previously that NaCl does not 
hydrolyze in solution. However, if a solution 
of NaCl is vigorously boiled, HCl, a volatile 
gas, will be expelled from this solution. Thus 
hydrogen ions will be removed from the solu- 
tion, and the solution will become basic as a re- 
sult of the build-up of hydroxide ions in the 
solution. 

Hydrolysis is an extremely important phe- 
nomenon and has many applications in indus- 
try. For example, the water in the boilers ої 
factories or ships is made alkaline by adding so- 
dium carbonate to it rather than sodium hy- 
droxide in most cases. If acid is spilled on the 
skin, a solution of sodium carbonate or sodium 
bicarbonate effectively neutralizes the acid. 


SOLUBILITY PRODUCT 


We have a tendency to estimate the solubil- 
ity of a substance by eye. For example, if we 
add some solute to water, stir the solution, and 
the solute disappears, we say that the solute 
was soluble. If, on the other hand, the solute 


EXPERIMENT 19: Prepare water solutions of table | does not disappear, we say thax it is insoluble. 
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Actually, when we use the word “insoluble” 
in chemistry, we mean “slightly soluble,” for 
all electrolytes are soluble to some extent in 
water. However, many of them are so slightly 
soluble that we cannot detect by eye any dis- 
solving taking place. These slightly soluble sub- 
stances play an important part in analytical 
chemistry, a field in which we measure the 
composition of a substance or a mixture. 

A saturated solution of an electrolyte has 
some special properties. As you know, in a sat- 
urated solution, a state of equilibrium exists be- 
tween the ions in solution and the ions in the 
crystals of the solute. All the rules of equilib- 
rium thus apply to saturated solutions. 
ExPERIMENT 20: Taste both table salt and baking 
soda (NaCl and NaHCOs). Prepare a saturated solu- 
tion of table salt. Add a quarter teaspoon of baking 
soda. Allow the precipitate to settle. After carefully 
pouring off the excess liquid, filter the solution 
through a handkerchief to collect the solid precipi- 
tate. Permit the solid in the handkerchief to dry. 
Taste it. What is it? You will observe the effect of a 
common ion, the sodium ion, on a saturated solution. 
Furthermore, a law similar to the Law of Mass 
Action applies to saturated solutions of slightly 
soluble electrolytes. This law is the Solubility 
Product Principle, and it states: At satura- 
tion, the product of the molar concentra- 
tions of the ions of the electrolyte, raised to 
proper powers, is a constant. The powers аге 
the coefficients in the ionization equation of 
the electrolyte. The constant is constant at a 
particular temperature. Thus, for the hypo- 
thetical electrolyte, AmB., its ionization equa- 
tion would be: A,B, = mA + nB. Its solu- 
bility product expression would then be: 

(A)™ x (B)* = Ko. (6) 
where the parentheses again indicate the mo- 
lar concentration of the substances in- 
cluded between them. We can find the solu- 
bility product constant, K,,, of a given elec- 
trolyte if we know its solubility in water. 
EXAMPLE 7: The solubility of calcium fluoride, CaF», 


is 0.0016 g. per 100 ml. of water. Find its solubility 
product constant. 


SoLUTION: The molecular weight of CaF, is 78. Its 
solubility in grams per liter is 0.016. Its solubility in 


© = 2.05 x 10-4 M. CsF, ion- 

CaF, = Cat + + 2 F- 

Its solubility product expression, therefore, is: 
(Gar +) x FT ук 


To find the constant we proceed in two steps. 


moles per liter is 


1zes: 


1. Find the molar concentration of each of the 
ions. 

2. Substitute these concentrations into the expres- 
sion and do with them what the expression 
tells us to do. 


The ionization equation tells us that for each mole 
of CaF, that dissolves, 1 mole of calcium ion and 2 
moles of fluoride ion are released into the solution. 
So, (Ca++) in solution is 2.05 х 10-4 М. (F-) in 
solution is 2 X 2.05 X 10—* = 4.1 x 10—* M. Substi- 
tuting into the expression, we obtain: 


(2.05 x 10-4), Xal 4.1 * 00— 7 = 
(2.05 x 107*) х (16.8 х 10-8) = Kap. 
Kep = 3.4 X 107, 

The solubility product constant for slightly 
soluble substances, like the 10nization constant 
of weak electrolytes, is a property of the sub- 
stance. It applies to all saturated solutions of the 
substance. If we know the solubility product 
constant of a substance, we can find the con- 
centration of the ions in a saturated solution 
through the use of the solubility product ex- 
pression. 

EXAMPLE 8: The solubility product constant of silver 
chloride is 1.6 х 10—10, Find the concentration of 
the ions in a saturated solution of this salt. 
AgCl = Ag+ + Cl- 
Its solubility product expression 1s: 
(Ag+) X (Cl-) = 1.6 x 10-19, 

Let X = (Ag+). Then X = (CI-) also, for the two 
ions are formed in equal amounts according to the 
10n1Zation equation. 
Substituting into the solubility product expression: 

X9.—5.6o«1 9m* 

(Ag+) = (С1-) 2 X = 1.3 x 10-5 M. 

The following example can be very revealing 
as to the nature of the solubility product prin- 
ciple and the behavior of solutions of ions of 


SoLUTION: — AgClionizes: 


Chemistry Made Simple 89 


slightly soluble substances. Study it carefully. 


ExAMPLE 9: A solution contains both chloride ion, 
С1-, and chromate ion, CrO,--. The (Cl-) is 0.001 
M, and the (CrO,--) is 0.005 M. Silver ion, in the 
form of a solution of silver nitrate, is to be added 
slowly to this solution. The K.p of AgCl is 1.6 х 
10—9. The K,, of Ag;CrO, is 9.0 х 10—12, 
(a) At what (Ag+) will AgCl begin to precipi- 
tate? 
(b) At what (Ag+) will Ag;CrO, begin to pre- 
cipitate? 
(c) Which salt will precipitate first? 


(a) AgCl ionizes: AgCl= Ag* + Cl- 


Its solubility product expression therefore is: 
(ae ex (Cl) = 6.x 10% 


SOLUTION: 


Let: 
(Ag*) =X. 
(CI-) = 0.001 M 
Substituting into the solubility product expression, 
we have: 
X X 0.001 = 1.6 х 10—1? 
(Ag+) = X =1.6 X 10-7 M. 
Thus, the (Ag+) necessary to begin the precipita- 
tion of AgCl is 1.6 x 1077 moles per liter. 


(b) AgsCrO, ionizes: AgeCrO, = 2 Ag+ + СгО,--. 


Its solubility product expression therefore is: 

(Agt)? x (CrO,-7-) = 9.0 x 10722, 
Let: 

(Agt) =X 

(СгО,—-—) = 0.005 М. 

Substituting into the solubility product expression: 
X? х 0.005 = 9.0 х 10—12 

9.0 x 10—12 
E 10-* 
(Арт) = Х = 42 х 10-5 М 
Thus, the (Ag+) necessary to begin the precipita- 
tion of Ag;CrO, is 4.2 х 10-5 moles per liter. 


X? = 118х107 = 18107-28, 


(с) The results of parts a and b show that it takes 
less silver ion to cause AgCl to begin to precipitate 
as silver ion is added to this solution. Therefore, 
AgCl will begin to precipitate first from the solu- 
tion. Under actual conditions, the white salt, AgCI, 
will continue to precipitate as silver ion is added 
until the amount of chloride ion left in solution is 
negligible. By that time the concentration of silver 
ion will have increased in the solution so that the 
red salt, AgoCrO,, will begin to precipitate. The first 


appearance of the red salt indicates that the chloride 
has all been measured by the silver. Thus, we have 
an important method of analyzing solutions for their 
chloride content. 


One more application of equilibrium should 
be mentioned at this point. An electrolyte 
which is only slightly soluble in water may be 
put into solution if its ions can be made to form 
molecules of weak electrolytes. Consider the 
following situation. Calcium carbonate, 
CaCO,, is only slightly soluble in water. It 
lonizes: CaCO, = Ca* * + CO,--. If an acid 
is added to the saturated CaCO, solution, the 
hydrogen ions from the acid will react with 
the carbonate ions to form molecules of car- 
bonic acid, H,CO,. This upsets the equilib- 
rium between the ions of CaCO, in solution and 
the ions of it in the solid crystals. The precipi- 
tation process (reaction to the left in the ioni- 
zation equation) is interfered with, but the dis- 
solving process (reaction to the right in the 
ionization equation) continues, The result is 
that all of the solid dissolves in the acidified so- 
lution. This phenomenon makes acid solutions 
good solvents for all salts except salts of strong 
acids. н АЕ 


Problem Set No. 11 


1. 44.4 р. of CaCl, are dissolved in 200 g. of water. 
Assuming that the salt remains 100% ionized, 
find the temperature at which this solution will 
freeze. 

2. What is the concentration of each of the ions 
present in each of the following solutions? 


(с) 0.1 M Fes;(SO4)a 


3. Which of the following pairs of electrolytes will 
react with each other in solution? Give a bal- 
anced equation for each reaction that takes place. 


(a) KCO; E CaCl, (e) HSO, SP AgNO; 
(b) HNO, ae NaSO; (d) HNO; ar NaSO, 


4. А 0.1 M solution of nitrous acid, HNO,, is 6.3 % 
ionized at room temperature. Find its ionization 
constant. 

5. The ionization constant of acetic acid, НС,НзО», 
is 1.8 х 10-5. Find the (H+) in a 0.1 M solution 
of this acid. 
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6. Find the percentage ionization of the solution in | weak electrolyte is only partially ionized. 


problem 5. 

7. The ionization constant of HCN is 4 х 10—10, 
Find the pH of a 0.1 M solution of HCN. 

8. The ionization constant of NH4OH is 1.8 x 
10-5. Find the pH of a 0.1 M solution of 
INFLOH: 

9. The ionization constant of acetic acid is 1.8 х 
10—5. To a 0.05 M solution of this acid, sufficient 
sodium acetate is added to raise the acetate ion 
concentration to 0.01 M. Find the pH of the 
resulting solution. 

10. With the aid of ionization equations, show how 
the following salts will, or will not, hydrolyze, 
and indicate whether their solutions will be 
acidic, basic, or neutral. 


(а) KNO; (c) NH4NO; 
(b) KNO, (d) Na2SO3 
11. The solubility of Ме(ОН),, magnesium hydrox- 
ide, is 0.0009 grams per 100 ml. Find its solu- 

bility product constant. 

12. The solubility product constant of silver acetate, 
AgC;H3O;, is 2 х 10-3, Find the concentration 
of each of the ions in a saturated solution of this 
salt. 

13. The solubility product constant of magnesium 
carbonate, MgCOs, is 1 Хх 10-5. A solution has 
a carbonate ion concentration of 0.05 M. What 
concentration of magnesium ion will be required 
to begin the precipitation of MgCO;? 

14. Which of the following salts will dissolve in 
acid (use ionization equations to verify your 
answer)? (a) MgCO; (с) Са(ОН), 

(b) AgCl (d) BaSO, 

15. The solubility product constant of calcium hy- 
droxide, Са(ОН), is 8 x 10—%. Find the pH of 
a saturated solution of this substance. 


(e) FeCl 


SUMMARY 


Electrolytes dissociate into ions in solu- 
tion. Acids ionize to produce hydrogen ions. 
Alkalis ionize to produce hydroxide ions. 
Salts ionize, but produce neither of these two 
ions. 

The chemistry of ions in solution is inde- 
pendent of the source of the ions. 

A strong electrolyte is 100% ionized. A 


Ions in solution react if: 


a) They can form a weak electrolyte. 

b) They can form an insoluble sub- 
stance. 

c) They oxidize or reduce one another. 


A state of equilibrium exists when two 
opposing processes take place simultaneously at 
the same rate. 

The Principle of LeChatelier is: A system 
in equilibrium, when subjected to a stress re- 
sulting from a change in temperature, pres- 
sure, or concentration, and causing the equi- 
librium to be upset, will adjust its position of 
equilibrium to relieve the stress, and re-estab- 
lish equilibrium. 

The Law of Mass Action is: the velocity 
of a reaction is proportional to the product of 
the molar concentrations of the reacting sub- 
stances, taken to proper powers, the powers be- 
ing the coefficients of the reactants in the bal- 
anced equation for the reaction. 

The pH of a solution is the logarithm of 
the reciprocal of the molar concentration of 
the hydrogen ion. Neutral solutions have a pH 
of 7. Acidic solutions have a pH of less than 7. 
Basic solutions have a pH of greater than 7. 

The common ion effect is: the addition of 
an ion in common with an ion of a solute re- 
presses the dissociation of the solute. 

Hydrolysis is the reaction between the ions 
of an electrolyte and the ions of water in solu- 
tion. 

The solubility product principle is: At sat- 
uration, the product of the molar concentra- 
tions of the ions of the electrolyte, raised to 
proper powers, is a constant. The powers are 
the coefficients in the ionization equation of the 
electolyte. 

Substances only slightly soluble m water 
can be caused to dissolve if weak electrolytes 
can be formed in their saturated solution. 


CHAPTER 10 


OXIDATION-REDUCTION 


Structurally, we may think of all chemical 
changes as falling into one of two categories: 


1. Those which involve valence change, and 
2. Those which do not. 


If you look back over the reactions studied in 
the last chapter, you will observe that none of 
them involved valence change. The motivating 
force which caused each of those reactions to 
take place was the force of attraction which 
exists between oppositely charged ions. More 
specifically, the reactions occurred only when 
the forces of electrical attraction were strong 
enough то overcome the nullifying influence of 
the | polar water molecules. The polarity. of 
Water was responsible : for all dissociations. The 
high degree of electrical attraction between the 
ions of weak electrolytes and insoluble sub- 
stances was responsible for the formation of 
these compounds. Let us now turn our atten- 
tion to reactions which involve changes in va- 
lence numbers. 


DEFINITIONS 
Consider the following reaction: 
2 Cu + O; = 2 CuO. 


This reaction occurs when copper is heated in 
air, and the black oxide forms on the surface of 
the metal. Let us now write the valence number 
of each element under its symbol wherever it 
appears in the equation. 
2 Cu + О» = 2 CuO. 
0 0 net = 
As a result of the reaction, copper has changed 
valence from 0 to +2, and oxygen has changed 
valence from 0 to —2. A substance which has 
gained in positive valence has been oxidized. 
A substance which has lost in positive valence 
has been reduced. To state it in other terms: 


Oxidation is a process involving an in- 
crease in valence number. 
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Reduction is a process involving a de- 
crease in valence number. 


Bearing in mind what we already know 
about the structure of matter and its relation to 
valence number, let us examine this reaction 
even more closely. How can an element show 
an increase in positive valence? The answer is 
quite simple. An element can increase its va- 
lence number only through the loss of elec- 
trons. Similarly, an element can show a decrease 
in valence number only through the gain of 
electrons. Therefore, we can re-define our two 
processes in the following terms: 


Oxidation is a process involving the loss 
of electrons. 

Reduction is a process involving the gain 
of electrons. 


In the reaction under consideration, the oxy- 
gen atoms gained electrons, and the copper 
atoms lost electrons. The substance that gains 
electrons in an oxidation-reduction reaction is 
known as the oxidizing agent. The substance 
that loses electrons in an oxidation-reduction is 
known as the reducing agent. Note that it 
was the free, elemental oxygen that acted as 
the oxidizing agent, and that free, elemental 
copper acted as the reducing agent in this re- 
action. 

By this time you have probably observed that 
in oxidation-reduction reactions we are actually 
dealing with a flow of electrons from the re- 
ducing agent to the oxidizing agent. This is ex- 
tremely important, for a flow of electrons is, by 
definition, a current of electricity. What 
causes such a current to flow, and some of the 
effects of such currents will be explored more 
fully in the next chapter. 

One other facet of this reaction should be 
noted at this time. In any reaction involving 
valence change, both oxidation and reduction 
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must be present. The one process provides the 
electrons which are absorbed by the other pro- 
cess. These reactions are often called “Redox” 
reactions, a term which is a shortened form of 
"oxidation-reduction". As a matter of fact, the 
Law of Conservation of Matter requires that 
the total number of electrons gained in a 
reaction of this type must be equal to the 
total number of electrons lost. Let us check 
this in the balanced reaction under considera- 
tion. Each copper atom loses 2 electrons, for a 
total of 4. Each oxygen atom gains 2 electrons, 
for a total of 4. Thus, the number of electrons 
gained and lost balances. This fact provides us 
with a powerful tool for balancing oxidation- 
reduction reactions. 


BALANCING REDOX EQUATIONS 


Let us look at the following skeleton equa- 
tion and see how our principle of electronic 
balance can assist us in balancing the equation. 
The numbers above the symbols are the valence 
numbers of the elements in the skeleton equa- 
tion. (Rules for finding valence numbers were 
discussed in Chapter 4) 


== 2, ez] ==? 0 
HCl + MnO, = MnCl, + Н.О + ЄВ 
| + 2е- | 
em 


The changes in valence number for manganese 
and chlorine atoms are apparent from the va- 
lence numbers above the equation. The lines 
below the equation show that each manganese 
atom gains 2 electrons, while each chlorme 
atom loses 1 electron. In order for the number 
of electrons lost to be equal to the number of 
electrons gained, it will take 2 atoms of chlorine 
to react for each atom of manganese that reacts. 
So the equation tentatively becomes: 


2 EICI sis MnO, = MnCl. + Н.О Е Cle. 


This balances the electrons, but we see that we 
need 2 more chlorine atoms for the MnCl. This 
will change the coefficient of НСІ to 4, and of 
Heo 2 


4 HCl + MnO, = MnCl: + 2 Н.О + Ch. 


Thus, the equation is balanced. 
Let us now look at a redox equation that in- 
volves ions. 


2 7 2 3 


Ее++ + MnO,- + Н+ = PPS + Ее+++ + Н.О. 
apum 


— Je—- 


The changes in valence number, and the gain 
and loss of electrons are indicated as in the pre- 
vious example. In order for the gain and loss of 
electrons to balance, 5 ferrous ions will have to 
react for each permanganate ion that reacts. So 
we insert a coefficient of 5 in front of each of 
the iron ions, thus: 
5 Fe++ + MnO,- + Н+ = Ма+ ++ 
5 Fe+++ + H,O. 
This balances the electrons, so now we have to 
balance the hyrogen and oxygen atoms. We 
need 4 oxygen atoms on the right, which in 
turn requires 8 hydrogen atoms on the left. 
The equation then becomes: 
5 Ее++ + MnO,- + 8 H+ = Mntt + 
5Fet+++4H,0. 

The equation now appears to be balanced. 
However, there is still one more point to be 
checked. In balanced ionic equations, the net 
charge on each side of the equation must be the 
same. Examining our equation, we see that a net 
charge of +17 appears on both sides of the 
equation. Therefore, the equation is balanced. 


Problem Set No. 12 
1. Which of the following are oxidation-reduction 
reactions? 
(2) 2 Bet ches 2 ett tile. 
(b) Cu* * + HS = CuS +2 H+. 
(c) 2 SO; Dm Os —2 SOs. 
2. (a) Balance the following skeleton equation: 
Н.5 +1 =5 +1- + Н+. 


(b) Which substance is the oxidizing agent? 
(c) Which substance is reduced? 
3. (a) Balance the following skeleton equation: 


Cut + +1- =], + Cut. 
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(b) Which substance is the reducing agent? 
(c) Which substance is oxidized? 
(d) Why would the mere addition of a coefficient 
of 2 in front of I- not balance this equation? 
4. (a) Balance the following skeleton equation: 
MnO,- + Sn** + Н+ =Mntt + 
Snt tt EX H,O. 
(b) Which substance is the oxidizing agent? 
(c) Which substance is oxidized? 

5. (a) Balance the following skeleton equation: 
CrO Fett Hit = Cri 
Pent + d ris 
(b) Which substance is the reducing agent? 

(c) Which substance is reduced? 


SUMMARY 
Oxidation-reduction reactions involve a 


change in valence number. 

Oxidation is a process involving an increase 
in valence number or a loss in electrons. Re- 
duction is a process involving a decrease in 
valence number or a gain in electrons. 

An oxidizing agent gains electrons. A 
reducing agent loses electrons. 

A flow of electrons accompanies oxidation- 
reduction reactions. 

The total number of electrons gained must 
equal the total number of electrons lost in an 
oxidation-reduction reaction. 

An ionic redox reaction is balanced only 
when both the number of atoms and the net 
charge are equal on both sides of the equation. 


CHAPTER 11 


ELECTROCHEMISTRY 


We have seen that matter has an electrical 
nature. The atoms which make up all matter 
consist of nuclei carrying positive electrical 
charges surrounded by electrons possessing 
negative electrical charges. Furthermore, we 
know that a relatively large class of substances, 
called electrolytes, consist essentially of 
charged particles called ions. Solutions of elec- 
trolytes are able to conduct an electric current. 
Finally, we learned in the last chapter that dur- 
ing all oxidation-reduction reactions a flow of 
electrons accompanies the reaction. These facts 
arouse one’s curiosity as to what relationship 
there might be between electric currents and 
matter. Specifically, one might ask two ques- 
tions: 


1. What is the effect of an electric current 
on solutions of electrolytes? 

2. What electrical effects accompany oxida- 
tion-reduction reactions? 


Let us now explore each of these two areas. 


ELECTRICAL UNITS 


There are a few electrical units which we 
should understand before we proceed with our 
exploration. These are: 


Coulomb. A coulomb is a unit quantity of 
electricity. It is that amount of electricity 
which will deposit 0.001118 grams of sil- 
ver from a solution of silver nitrate. 

Ampere. An ampere is a unit rate of flow 
of electricity. It is chat current which will 
deposit 0.001118 grams of silver in one 
second. In other words, an ampere is a 
current of one coulomb per second. 

Ohm. An ohm is a unit of electrical resist- 
ance. lt is the resistance offered at 0° to 
an unvarying current by a column of 
mercury 106.3 cm. in length, of approxi- 


mately 1 sq. mm. uniform cross-sectional 
area, and weighing 14.4521 grams. 

Volt. A volt is a unit of electromotive 
force. It is the difference in electrical 
potential required to cause a current of 
one ampere to pass through a resistance 
of one ohm. 


ELECTROLYSIS 


Let us now turn our attention to the effects 
of an electric current on solutions of electro- 
lytes. The passage of an electric current through 
a solution of an electrolyte is known as elec- 
trolysis. The effect of electrolysis is to decom- 
pose the electrolyte. Figure 29 shows a typical 


CATHODE 


Fig. 29. Electrolysis Cell 


electrolysis set-up. It consists of a battery 
whose terminals are each connected to an elec- 
trode. The electrodes are immersed into the 
solution of the electrolyte. 

In solution, electrolytes are dissociated into 
their ions. Positively charged ions are known as 
cations. Negatively charged ions are known as 
anions. The battery has the effect of pulling 
electrons out of one of the metallic electrodes 
and pushing them onto the other. This causes 
the first electrode, with the deficiency of elec- 
trons, to become positively charged. The other 
electrode, with the excess of electrons. becomes 
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negatively charged. The positive electrode at- 
tracts the negative anions. This electrode is 
called the anode. The negative electrode at- 
tracts the positive cations. This electrode is 
called the cathode. 

At the electrodes, chemical reactions take 
place. At the cathode, the positive cations ab- 
sorb electrons from the negative cathode and 
become neutral atoms. At the anode, the nega- 
tive anions yield their electrons to the positive 
anode and become neutral atoms. Thus, at both 
electrodes, ions are changed to free atoms. Since 
a change in charge, and consequently a change 
in valence number takes place in the reactions, 
all of these reactions are of the oxidation-reduc- 
tion type. Oxidation takes place at the 
anode. Reduction takes place at the cath- 
ode. 

Let us now consider a specific case of elec- 
trolysis. A solution of hydrochloric acid, HCI, 
will do to begin with. In solution, the НСІ is 
ionized: 

HC! = H+ + Cl- 
In the electrolysis cell, the H* ions will migrate 
toward the cathode, and the СІ ions will mi- 
grate toward the anode. At the electrodes, the 
following reactions will take place: 


(At cathode) Ht +c> = 


As you see, each hydrogen ion picks up an 
electron from the negatively charged 
cathode to become a hydrogen atom. Pairs 
of hydrogen atoms then unite to form 
molecules of hydrogen gas, Н„, which 
bubbles out of solution at the cathode. 


(At anode) Cl- = Cl + e- 


After the chloride ion loses its electron to 
the anode, pairs of chlorine atoms unite to 
form chlorine gas, Cl;, which bubbles out 
of solution at the anode. 


The net effect of this process is the decomposi- 


tion of HC] into hydrogen and chlorine gases. 
The over-all equation is: 


2 HCl = Н, + Cl. 


Note that during electrolysis, the solution re- 
mains electrically neutral. Molecules of chlo- 
rine and hydrogen gas are formed in equal num- 
ber. The electrolysis will continue until the 
electrolyte has been completely decomposed. 

One other feature of this electrolysis should 
be pointed out. Water molecules may also be 
oxidized at the anode as well as the chloride 
ions. This introduces another possible anode 
reaction into the system. It is: 

2 H:O = O; +4 H+ + 4е-. 


This anode reaction requires more electrical 
energy than does the oxidation of the chloride 
ion, so when appreciable concentrations of 
chloride ions are present, the chloride ions will 
be selectively oxidized and this second reac- 
tion will not occur. However, near the end of 
the electrolysis, when the concentration of 
chloride is low, some oxygen will form to con- 
taminate the chlorine gas. 

Let us now consider the electrolysis of a 
solution of copper sulfate, CuSO,. In solution, 


the CuGO, is ionized. 
CuSQ; = Cut t + SQ,--. 


The solvent, water, is also ionized. Its ions are 
also present in the solution. The following re- 
actions are possible: 


Cathode: Anode: 
Cut+ +2 e- = Cu SOF =2е=-+ S0; 
Н+ +e- = Н 4OH- = 2 Н.О + О, + 4е-, 


The reaction which takes place at each elec- 
trode depends upon which reaction requires the 
smaller amount of energy. At the cathode, it 
takes less energy to reduce the copper ions than 
it does to reduce hydrogen ions. Therefore, 
the copper will plate onto the cathode in this 
solution. Similarly, it takes less energy, at the 
anode, to oxidize the hydroxide ions than jt 
does to oxidize the sulfate ions. Therefore, 
oxygen gas will form at the anode. The over- 
all reaction for this electrolysis may be written: 


2 CuSO, + 2 Н,О = 2 Cu + О, + 2 H2SO,. 


We will learn more about the nature of the 
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“preferential deposition” of copper and oxy- 
gen observed in this example later in this chap- 
ter. It should likewise be pointed out that in 
both of the examples of electrolysis studied, the 
electrodes had to be made of a material, like 
platinum, which is inert to the substances in 
solution. 


FARADAY’S LAWS 


MICHAEL FARADAY, While studying the phe- 
nomenon of electrolysis, discovered that a defi- 
nite quantitative relationship existed between 
the amounts of elements formed in electrolysis 
and the amount of electricity used in the proc- 
ess. His discoveries were formulated into two 
laws which bear his name. They are: 


l. The weight of a given element liberated 
at an electrode during electrolysis is directly 
proportional to the quantity of electricity 
which passes through the solution. 

2. When the same quantity of electricity 
passes through solutions of different electro- 
lytes, the weights of the substances liberated at 
the electrodes are directly proportional to their 
equivalent weights. 

The quantity of electricity required to de- 
posit one equivalent weight of any element is 
96,500 coulombs. This quantity of electricity 
is known as the Faraday. The number of 
coulombs in a Faraday can be found by divid- 
ing the equivalent weight of silver, 107.88, by 
the weight of silver deposited by one coulomb, 
0.001118 grams. The following relationships 
are useful in solving problems relating to elec- 
trolysis. 

Number of coulombs = Number of amperes х 
time in sec. (1) 
Number of coulombs 

mam C ES Oe! 

Let us work through an example of a prob- 
lem involving the application of Faraday's 
Laws. 


Number of Faradays — 


ExawPLE 1: A current of 20 amperes is passed 
through a solution of CuSO, for 2 hours. What 
weight of copper will be deposited? 


SoLUTION: The atomic weight of copper is 63.57. 
The valence number of copper in CuSO; is +2. The 


GST m o EG 


time in seconds is: 2 X 60 x 60 = 7200 sec. The 
number of coulombs is: 20 x 7200 = 144000 cou- 


144000 _ 
с 


Faradays. The weight of copper deposited is: 31.79 
X 1.492 = 47.43 g. 

NOTE: Each of these steps can be combined, and a 
single formula can thus be developed. It is: 


equivalent weight of copper is 


loribs. The number of Faradays is: 


Wt. of = Eq. Wt. х Amps. х Time іп вес. 
deposit 96,500 


APPLICATIONS OF ELECTROLYSIS 


The applications of electrolysis may be 
placed into three categories: analytical chemis- 
try, production chemistry, and electroplating. 
The analytical methods based upon electrolysis 
utilize two different ideas connected with this 
phenomenon. As you know, electricity is car- 
ried through a solution of an electrolyte by the 
charged ions migrating to the electrodes. The 
more ions present, the better the conductivity. 
In many reactions of ions in solution, the total 
number of ions decreases as the reaction pro- 
gresses. For example, if a solution of sulfuric 
acid is added to a solution of barium hydroxide, 
the products formed are water (a weak electro- 
lyte) and barium sulfate (an insoluble sub- 
stance). The reaction in ionic form is: 


(2Н+,50,--) + (Ba* *20H-) = 
Ва$О, + 2 НО. 


(3) 


Thus, when equivalent amounts of the two 
electrolytes have been reacted, the number of 
ions in solution reduces practically to zero. As 
the acid is added to the base, the conductivity 
of the solution diminishes, reaching a minimum 
at the equivalence point, and then increasing 
again as excess acid is added. From the volume 
of standard acid required to reach the point of 
minimum conductivity with a measured vol- 
ume of unknown base, the concentration of the 
unknown base can be computed. 

Other analytical methods are based on find- 
ing the weight of an element liberated by a 
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known current in a measured amount of time. 
The equivalent weight of the unknown metal 
then is computed, which, in turn, leads to its 
identity. 

Production chemistry probably represents 
the greatest economic contribution of the phe- 
nomenon of electrolysis. Many elements are 
produced commercially from electrolysis cells. 
Among these are hydrogen, oxygen, sodium, 
potassium, magnesium, calcium, aluminum, and 
many others. In addition, many important 
chemical compounds are obtained as by-prod- 
ucts from these electrolyses. Either water 
solutions, or fused (molten) baths of salts are 
used in the production of these substances by 
electrolysis. Many metals, such as copper, zinc, 
and silver, may be purified by electrolysis as 
the final step in their production. 

In electroplating, the object to be plated is 
immersed in the electrolyte solution and is 
made the cathode of the cell. The electrolyte is 
a salt of the metal to be plated out, and the 
anode consists of a block of the metal to be 
plated out. The anode then goes into solution 
as the electroplating process proceeds. For ex- 
ample, in copper plating, copper is used as the 
anode, and copper sulfate solution is the elec- 
trolyte. The possible anode reactions, then, are: 


SO “=2e— + 50; 
4 OH- = 4e- + 2 H2O + О, 
Cu: = де = Cutt 


The last reaction requires the least energy, and 
it therefore is the only one to occur. Copper 
ions are thus replaced in the solution as fast as 
they plate out on the object, and the concentra- 
tion of the electrolyte remains constant. The 
weight of metal plating out is equal to the 
weight of metal that dissolves from the anode. 


ACTIVITY SERIES OF METALS 


Let us now turn our attention to the electri- 
cal effects accompanying chemical change. Let 
us begin by examining the behavior of metals 
toward an acid like НСІ. Some metals, when 


added to a water solution of this acid, will be 
dissolved by the acid and will liberate hydro- 
gen gas from the solution. Others, like copper, 
silver, and gold, are not attacked by the acid, 
and do not liberate hydrogen from the solution. 
Furthermore, among the metals which do react 
with the acid solution, a great difference in rate 
of reaction exists. Sodium metal produces an 
explosion if dropped in the acid solution. Zinc 
causes a vigorous, but quiet, evolution of hy- 
drogen gas. Lead liberates hydrogen only very 
slowly at temperatures well above room tem- 
perature. Table XXIV isa list of metals in their 
order of reactivity, with the most active metal 
at the top. The table also summarizes other 
properties of these metals. It should be studied 
rather carefully. 

Another important feature of the lisung in 
Table XXIV is that a metal higher on the list 
will replace the ions of metals lower on the 
list from solution, and liberate the lower 
metal in the free state. 

For example, if iron nails are dropped into a 
solution of copper sulfate, CuSO,, the iron 
will be dissolved and the copper metal will pre- 
cipitate from the solution. The reaction is: 


Fe + Cutt =Fett + Cu. 


EXPERIMENT 21: From your druggist obtain 1 oz. of 
copper sulfate crystals. Dissolve about 1/10 oz. of 
these crystals in a small glass of water. Thoroughly 
clean a nail with sandpaper. Place the nail in the 
copper sulfate solution. Let this stand overnight. 
You will observe the copper plate out on the surface 
of the nail and then fall to the bottom of the glass. 


On the other hand, if a strip of copper metal is 
placed in a solution of ferrous sulfate, FeSO,, 
no reaction will take place. Thus, we can 
see that the activity series of metals has rather 
broad application in assisting us to predict 
whether or not a reaction of the type described 
will take place. It should be pointed out, by the 
way, that this hydro-precipitation of less ac- 
tive metals by more active ones is a process 
frequently used in extracting metals from their 
ores. 
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Table XXIV 


Activity Series of Metals 


Occurrence Metal FLO 
K-Potassium React with 
Ca-Calcium Cold Water 

Never Na-Sodium To give Н, 

found Mg-Magnesium 

free in Al-Aluminum Much less 

Nature Mn-Manganese active: 
Zn-Zinc Hot metal 

t Cr-Chromium gives H, 
with steam 

RU Fe-Iron 

found Co-Cobalt Very poor 

free in S dee activity 

Nature bx 4 with steam 

H-HYDROGEN 

Often Sb-Antimony 

found Bi-Bismuth 

PER Cu-Copper Inactive 

Nature | Hg-Mercury with water. 
Ag-Silver No gas of 

| any kind 

Found Pt-Platinum liberated. 

free in 

Nature | Au-Gold 


A glance at the reaction above quickly re- 
veals that it is of an oxidation-reduction type. 
All reactions based on the activity series of 
metals are oxidation-reduction reactions. We 

“now want to find out just what makes this type 
of reaction take place. 

Let us analyze the following reaction: 


Fe + Cut+ = Fett + Cu. 


We may think of this reaction as taking place in 
two steps: 


hydrogen gas THAN 


HYDROGEN. 


Slow action NO, МО», or 
NH, from 
Very slow HNO,. 
action 
SO, or 
H.S from 


conc 
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Cut t + 2e- = Cu 
The two parts may be called half-reactions. 
The first half-reaction shows iron metal going 
into solution by giving up two electrons and 
becoming ferrous ions. The second half re- 
action shows copper ions absorbing two elec- 
trons to become metallic copper atoms. Now 
note this point! As soon as the full reaction n has 


proceeded to any extent at all, we have a sys- 
tem that contains both metals and both ions 
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at the same time. Yet the reaction continues to 
“proceed only one way, that 15, the iron con- 
tinues to dissolve and the copper continues to 
precipitate out. The only possible explanation 
for this is that electrons continue to flow 
from the iron metal to the copper ions. No 
electrons flow from the copper metal to either 
of the ions, nor do any electrons flow from the 
iron metal to the ferrous ions. Therefore, iron 
loses electrons more easily than copper, 
and it loses them specifically to the copper ions. 
In order for electrons to flow, thereby creat- 
ing an electric current, an electromotive force 
(emf) must push the electrons along their path. 


A difference in electrical potential, and con- 
sequently an emf, exists between all oppositely 
charged bodies and between a charged body 
and a neutral one. Thus, there is an emf be- 
tween each metal and each of the ions in the 
system. However, since the electrons actually 
flow from the iron metal to the copper ions, 
the greatest emf must obviously be between 
these two particles. 

The emfs associated with a large number of 
oxidation-reduction half-reactions have been 
measured. Some of these are listed in Table 
XXV. Notice that in each of the half-reactions, 
the electrons are given off. In the Table. the 


Table XXV 
Half-Reaction (Electrode) Potentials 
Emf Emf 
Half-Reaction (volts) Half-Reaction (volts) 
Li= Lit +e + 3.02 Ni(OH), + 2 OH- = 
K-K*-e- + 2.922 NiO, + 2 Н,О + 2e7 — 0.49 
Ca = Catt + 2e7 + 2.87 Uc ex 05525 
ee NM Е 2 MnO; + Zn(NH,),** +2 H,O = 
Mg = Mg + 2е + 2.34 4 MnO, + 4 NH,* + Zn** + 
pa Alt tt 3H 367 + 1.67 4е- 201758 
Mn = Mn** + 2e7 a 1:05 gu agio Lu ame 2 a | 
Fe + ОН- = Fe(OH). + 2е- + 0.877 M Sr s [^ Tb heat 
H,--20H- —2H,0--2e- + 0.828 Ar lin m 
P Ag = Agt +e 0.7995 
Zn = Zn** + 2e 120.262 “me = ду 
1 2 Вг = Br, + 2e 1.065 
Cr = Qr -* + 3e 3:20.71 A 4 Е 
L 2Н„О=О„-+4Н*-+ 4 — 1.229 
Fe = Fett + 2e + 0.440 Ст Cte — 1.358 
Pb + 80, = PbSO, + 2e7 + 0.355 An i 
Co = Со** + 2e- 389277 2Cr*^* +7 H,O = 
Ni =! Nit+ aS Ji 0.250 Cro + 14 ЕЕ + бе — 1.36 
Sn= $п** + 2е- amen 36 Mn i tO 
Pb = Pb++ + 2e- 10126 MnO,” + 8 Н+ + 5e7 — 1.52 
Fe = Fe*** + 3e7 + 0.036 PbSO, + 2 H,0 = 
H, = 2 Н+ + 2е- 0.000 PbO} r9; + 
сш Sn Je — 0.15 4H* + 2е- — 1.685 
Эле душе Ze — 0.345 So) SO 01.9 
4 OH- = О,+2 H,O + 4е7 — 0.401 2F- = Е, + 2е- — 2.85 
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emf between hydrogen atoms and hydrogen 
ions is arbitrarily taken as zero. The substances 
above hydrogen in the list lose electrons more 
easily than hydrogen atoms do. They are thus 
given positive emfs. The substances below 
hydrogen lose electrons less readily than hyd- 
rogen atoms, so they are assigned negative emfs. 
Note further that the position of a substance in 
the activity series of metals corresponds with 
its position in Table XXV. 

A full oxidation-reduction reaction is a com- 
bination of two half-reactions. In the full re- 
action, the half-reaction with the more posi- 
tive emf will proceed from left to right as writ- 
ten in Table XXV. It is called the reducing 
half-reaction, and the substance losing the 
electrons is the reducing agent in the full re- 
action. The more negative half-reaction will 
turn around, or proceed from right to left as 
written in Table XXV. It is called the oxidiz- 
ing half-reaction, and the substance absorb- 
ing the electrons is the oxidizing agent in the 
full reaction. Substances on the left side of the 
equations in Table XXV are reducing agents 
in the order of decreasing potency. Substances 
on the right sides of the equations in Table 
XXV are oxidizing agents in the order of in- 
creasing potency. Thus, elemental lithium is 
the most powerful reducing agent listed, and 
gaseous fluorine, Fz, is the most powerful oxi- 
dizing agent listed. 

The total emf compelling the full reaction 
to take place will be the algebraic difference 
of the emfs of the two half-reactions involved. 
Let us see how this works out for iron-copper 
system. 

From Table XXV: 

Fe = Fet + + 2е— (+0.440 v.) 

Cu = Cut + + 2e— (—0.345 у.) 
You will observe that the iron half-reaction has 
the more positive emf. Therefore, it proceeds as 
written. Since the copper half-reaction has a 
more negative emf, it will proceed from right 
to left as written, or will turn around. The full 
reaction may then be found as follows: 
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Fe = Fe++ +2e— , (Reducing 
half-reaction) 
Cut+ + 2е— = Cu (Oxidizing 


half-reaction) 


Adding: Fe + Си++ = Fet++ + Cu. (Full reaction) 


The electrons cancel out during the addition 
process. The total emf for this reaction will be: 


0.440 — (—0.345) = 0.785 volts. 


The magnitude of the total emf gives an indi- 
cation of the vigor with which the reaction will 
proceed. Substances close together in Table 
ХХУ will be impelled to react by only a small 
total emf, and consequently will react only 
slowly and mildly. Substances far apart in 
Table XXV will be impelled to react by a larger 
total emf, and will react much more rapidly and 
vigorously. 


GALVANIC CELLS 


The flow of electrons in oxidation-reduc- 
tion reactions presents as interesting possibility. 
If the flow can be harnessed in some way and 
caused to pass through wires, we would have 
a means of obtaining electrical energy from 
chemical action. Figure 30 illustrates one 
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„Жс rod immersed in Copper rod immersed 
solution of Zn 504. in solution of Cu S04. 


Fig. 30. Galvanic Cell 


method of harnessing the electricity from a 
chemical change. The arrangement is known 
as a galvanic cell, and consists essentially of 
solutions of two different ions. Strips of metal 
of the same substance as the positive ions of the 
solution are immersed into each solution, A 
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salt bridge, which is a solution of a third elec- 
trolyte which does not react with either of the 
two original solutions, is placed between the 
two solutions to enable ions to migrate from one 
solution to the other. A wire would not do as 
a replacement for the bridge, for it would not 
permit the passage of ions. When the two strips 
of metal are connected by an external circuit, 
a current flows through the circuit. The emf 
of the cell depends upon the substances used 
in it. 
In Figure 30, the two half-reactions involved 
are: 
Zn=Znt+ + 2е- 
Ga = Cutt + ст 


(+0.762 v.) 
(—0.345 v.) 


Since the zinc half-reaction is more positive, it 
proceeds as written. Zinc atoms in the zinc rod 
go into solution as ions, and the electrons thus 
given up pass from the zinc rod, through the 
external circuit, over to the copper rod. Here 
they attract copper ions which absorb them and 
plate out as atoms on the rod. Thus, the second 
half-reaction is turned around. The total re- 
action is: 
ЖД == 7nd 2e— 
Cut+ + 2e- = Cu 
Zn + Catt =Zntt + Cu. 


The total emf is: 
0.762 — (—0.345) = 1.107 volts. 


Many other combinations of half-reactions 
from Table XXV can be arranged into a gal- 
vanic cell of the type illustrated in Figure 30. 


DRY CELLS 


The common dry cell is another arrange- 
ment from which electrical energy is obtained 
from chemical action. Figure 31 shows a cross- 
section of a dry cell. Notice that water is an 
essential ingredient in the “dry” cell. If water 
were not present in the paste, the ions could not 
migrate and the cell would be ineffective. 

The half-reactions in the dry cell may be 
written: 
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Zn = Znt++ + 2e- (+0.762 v.) 
2 Мп»„О» 3m Zn(NH3)4+ + +2 Н.О E MnO, JF 
4NH.+ +ZN+++4e- (—0.738 v.) 
The total emf of the dry cell is: 


0.762 — (—0.738) = 1.5 volts. 


PASTE OF 
Mn 03, 
NH, Cl, 

Zn Ciz, AND 
Ны 9: 


Fig. 31. Dry Cell 


The second half-reaction, which proceeds 
from right to left, actually takes place in steps as 
follows: 


Step 1. The electrons from the zinc shell are 
absorbed by the ammonium ions in the paste: 


2 NH,+ + 2e- = 2 NH; + He. 
Step 2. The hydrogen gas thus formed tends 


to accumulate around the graphite electrode. 
Since the electrode potential of hydrogen is 
intermediate between the emfs of the two half- 
reactions of the dry cell (See Table XXV), it 
tends to set up its own galvanic action within 
the cell. This greatly reduces the voltage of the 
dry cell. The phenomenon is known as polari- 
zation. To offset this tendency, manganese di- 
oxide, MnO,, is included in the paste. This 
oxidizes the hydrogen gas as it is formed, thus 
acting as a depolarizer : 


2 MnO, + Н» = Мп,О; + H:O. 


Step 3. The ammonia gas formed in step (1) 
reacts with the zinc ions from the zinc shell: 
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Zn++ +4 NH; = Zn(NH,) ++. 
This third step has the effect of keeping the 


concentration of zinc ions in the paste constant 
and equal to the amount originally added to 
the paste in the form of zinc chloride, ZnCl. 

It should be pointed out that the depolariza- 
tion produced by the MnO, takes place rather 
slowly. Consequently, if a dry cell is used to 
produce a great amount of electric current in 
a short ume, hydrogen gas will accumulate 
faster than the MnO: can take care of it. Con- 
sequently, the cell will polarize and its voltage 
will diminish. However, if the cell is permitted 
to sit idle for a period of time, it will recover 
its emf as a result of the continuing action of | 
the MnO, in oxidizing the hydrogen gas. 


LEAD STORAGE CELLS 


Sull another extremely important arrange- 
ment for producing an electric current from 
chemical action is to be found in the lead stor- 
age cell. This cell consists essentially of two 
lead gratings, one impregnated with spongy 
lead to provide abundant surface for reaction, 
and the other impregnated with lead dioxide, 
PbO,, which serves as the second electrode. 
These gratings are then immersed in a solution 
of sulfuric acid, H.SO,. The half-reactions of 
the lead storage cell are: 


Pb + 50;-- = РЬЅО, + 2e- 
(450.355 v.) 
PbSO, + 2Н„О = PbO; + SO,- - + 4H * + 2е- 
(—1.685 у.) 
The total emf of the cell is: 


0.355 — (—1.685) = 2.04 volts. 


^ An automobile battery has either three of 
these cells in series producing 6 volts, or, in 
some of the newer heavier cars, six of them in 
. Series producing 12 volts. 

The outstanding feature of the lead storage 
cell is that it can be re-charged. The two half- 
reactions are reversible. During the discharge 
of electricity from the cell, the two half-reac- 
tions proceed as follows: 
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(At anode) 
Pbid- SQ4— >= PbSO4- Юг 


(At cathode) 
PbO, +- SQ,—= +-4H* ae = р >С 2628 


(total) 

Pb + PbO, + 4H * + 280,-- = 2PbSO, + 2H.O. 
Note that both half-reactions produce lead 
sulfate, PbSO,, which deposits as crystals on 
both of the gratings in the cell. During the re- 
charge process the lead storage cell is con- 
verted into an electrolysis cell, for a source of 
electrical energy with an emf greater than the 
discharge potential of the cell is attached to the 
cell and electrical energy 1s forced back into 
the cell. Each of the half-reactions above pro- 
ceeds from right to left under the influence of 
this external emf. The PbSO, crystals are dis- 
solved and the Pb, PbO,, and H;SO, are re- 
generated in the cell. (See Fig. 32.) 
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Another interesting feature of the lead stor- 
age cell is the fact that its state of charge can 
readily be determined. In the discharge process, 
H;SO,, the electrolyte in the cell, is used up. 
During the charging process, it is regenerated. 
Now sulfuric acid is a very dense liquid, and the 
specific gravity of the solution of electrolyte 
changes appreciably as the cell is in use. At full 
charge, the specific gravity of the electrolyte 
is 1.28. When the cell is discharged, the specific 
gravity may drop as low as 1.15. A hydrom- 
eter, which measures specific gravity of liq- 
uids, may then be used to indicate the extent 
to which a cell has been discharged. 

The crystals of lead sulfate may cause a lead 
storage cell to “go dead" if they grow too large 
or cover the entire electrode. Factors promot- 
ing the growth and deposition of these crystals 
are: 


1. Excessive heat applied to the cell. 

2. Excessive loss of water from the solution 
of electrolyte. 

3. Excessive and rapid "drain" on the cell 
caused when too much electrical energy 
is withdrawn from it. 


Scientists are in general agreement that so- 
called “battery additives,” which usually con- 
sist of mixtures of sodium and magnesium sul- 
fates (Glauber’s salt and Epsom salt), are 
ineffective in prolonging the “life” of a lead 
storage cell. 


GALVANIC CORROSION 


Not all of the effects of galvanic action are 
useful. Tiny galvanic cells which form in metals 
are responsible for the corrosion of these met- 
als, causing an economic loss amounting to mil- 
lions of dollars each year. All commercial iron 
and steel, for example, contain impurities, prin- 
cipally carbon. These impurities are not uni- 
formly distributed in the metal, but are segre- 
gated at various points. As with all chemical 
substances, a difference in electrical potential 
exists between the atoms of the metal and the 
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atoms of the impurities. When the metal is in 
contact with moist air, a film of water forms on 
the surface of the metal. Carbon dioxide in the 
air dissolves in this moisture and forms a solu- 
tion of an electrolyte, H;CO,, through which 
ions can migrate. Since iron is more electroposi- 
tive than its impurities, iron atoms act as the 
anode in the cell. They become oxidized and 
go into solution as ions. The liberated electrons 
pass through the metal to the atoms of the im- 
purity, which acts as a cathode. Hydrogen ions 
from the water migrate to the cathode, pick up 
an electron to form hydrogen atoms, and are 
oxidized by atmospheric oxygen to water. This 
prevents polarization of the cell and permits 
the action to continue. The iron ions are like- 
wise oxidized further by atmospheric oxygen, 
and then react with the water to form a com- 
plex hydrated oxide, Ее,ОғХ(Н.О), known 
as rust. Perfectly dry iron does not rust be- 
cause galvanic action does not take place in the 
absence of water. 


EXPERIMENT 22: Thoroughly clean four nails with 
sandpaper. Then: 


(a) Place the first in a glass of tap water so that 
the nail is completely covered with water. 
Then cover the glass to prevent excessive 
evaporation. 

(b) Place the second nail in a glass of water so that 
the nail is only partly covered with water. 
Again cover the glass to prevent excessive 
evaporation. 

(c) Boil some water for 5 minutes, in a Pyrex dish, 
add the third nail, and continue to boil for a 
few more minutes. Then remove the flame and 
quickly pour molten paraffin or vaseline over 
the water to exclude air. 

(d) Dissolve a teaspoon of lye in a cup of water. 
Put the solution in a soda bottle and cork the 
bottle. Shake the solution in the corked bottle 
thoroughly and then permit it to stand over- 
night. Boil a nail in water exactly as in (c). 
Force the nail through the cork so that part 
of it is exposed inside the bottle and part of it 
is exposed to the air above the cork. 


Permit all four nails to stand a few days. Then you 
will observe the following: 
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Rusting in (a) where we have much water and 
little air (dissolved in the water). 

Rusting in (b) where we have little water and 
much air. 

No rusting in (c) where we have no air. 

No rusting inside the bottle in (d) where we have 
no СО», but rusting outside the bottle. 


EXPERIMENT 23: From your druggist obtain a few 
crystals of potassium ferricyanide. Heat one cup of 
water to boiling, add 1! teaspoons of clear gelatin, 
% teaspoon of table salt, % teaspoon of potassium 
ferricyanide crystals, and 8-10 drops of phenol- 
phthalein indicator (prepared in Experiment 5). Pour 
this solution over a thoroughly cleaned nail in a 
Pyrex dish. Let stand overnight. You will observe 
the nail being corroded. Where the iron is going 
into solution, deep blue ferrous ferricyanide will 
form indicating the anodes. Other parts of the nail 
will become cathodic and will cause hydroxide 1ons 
to concentrate around the cathodes. 'This will cause 
the phenolphthalein to turn pink in these areas. 


The combatting of the corrosion of iron, 
and metals in general, is a huge enterprise today. 
A number of methods are used, all designed to 
prevent or overcome localized galvanic action 
in the metal. 


1. Much progress has been made in produc- 
ing and fabricating more homogeneous metals. 
When impurities are highly segregated, the 
cells can work in series and build up appreciable 
currents. Uniform distribution of impurities 
tends to nullify this collective effect and to 
minimize the effectiveness of the tiny galvanic 
cells. 

2. Another method involves coating the 
metal with a film which will prevent contact 
between the metal and moisture in the air, thus 
preventing galvanic action from taking place. 
Various types of anti-corrosion paints are used, 
and they are effective as long as the film remains 
intact. However, if the metal is subjected to 
temperature changes, it will expand and con- 
tract to a greater extent than the coating, espe- 
cially if the paint is thoroughly dried out. 
Cracks develop in the coating, and galvanic ac- 
tion is able to begin. New paints are continu- 
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ously being developed to provide more ade- 
quate surface protection. 

3. Another process is known as galvaniz- 
ing. In this process iron is coated with a layer 
of zinc. Zinc is above iron in the Activity Series, 
but it oxidizes only superficially in the atmos- 
phere. A thin film of zinc oxide, ZnO, forms 
on its surface. This film is so cohesive that it 
cannot be further penetrated by oxygen. Thus 
the zinc protects the iron. The protection con- 
tinues even when the zinc coating is broken. 
Moisture and carbon dioxide penetrate any 
crack that develops in the coating. They form 
a galvanic cell with the zinc and iron. Since 
zinc is more electropositive, it passes into solu- 
tion as zinc ions. These react with the hydrox- 
ide ions of water to form zinc hydroxide, 
Zn(OH),, which in turn combines with the 
dissolved carbon dioxide to form a basic zinc 
carbonate, Zn;(OH);CO,. This compound, 
which is very insoluble, forms a tight film simi- 
lar to the ZnO film. It too is impervious to water 
and the atmospheric gases. Thus the crack is 
plugged and the iron remains protected. 

4, A similar method involves coating the 
iron with tin. However, tin-plate functions 
differently from galvanizing. lin, like zinc, 
oxidizes only superficially in the atmosphere, 
and as long as the coat remains intact, the iron 
is adequately protected. But if a crack develops 
in the tin-plate, moisture and carbon dioxide 
enter the crack and form a galvanic cell with tin 
and iron. Since iron is higher in the Activity 
Series, it passes into solution by galvanic action. 
The tin then serves to accelerate the corrosion 
of the iron. Tin-plate is used in food containers 
rather than the more effective zinc because zinc 
may react with the food to produce poisonous 
compounds. 

5. Iron and steel may also be protected from 
corrosion by a method which uses “sacrificial 
anodes.” In this method, metals such as zinc or 
magnesium, which are more electropositive 
than iron, are placed in the vicinity of the iron 
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to be protected and wired to it. The active 
metal will exhibit a greater emf toward oxidiz- 
ing agents than the iron. Consequently, they 
will be corroded and the iron will remain pro- 
tected as long as any of the sacrificial metal 
remains. This method is particularly effective 
in protecting underground pipe lines and 
underwater fittings, like propellers, of ships. 
In galvanic cells, one metal is known as the 
active metal and the other is often called the 
noble metal. Yet, we see that the active metal 
is sacrificed to protect the noble one. 

The principle of selective corrosion of sacri- 
ficial anodes is similar to the situation we en- 
countered earlier in this chapter in studying 
electrolysis. We saw that when more than one 
electrode reaction was possible, one reaction 
preferentially occurred. All electrode reactions 
are half-reactions. In all cases, the half-reaction 
with the more positive emf will take place. 
Anode reactions always involve the loss of elec- 
trons. Therefore, at the anode, the half-reaction 
listed highest in Table XXV will occur. Cath- 
ode reactions involve the gain of the electrons. 
Therefore, since cathode reactions proceed 
from right to left in Table XXV, the sign of 
the emf of the half-reaction is reversed, and the 
half-reaction listed lowest in Table XXV will 
take place. 

One final point should be mentioned. Matter 
has an electrical structure. The various forms 
of matter are impelled to react by electrical 
phenomena. Two different types of forces 
drive chemical substances into reaction. They 
are: 


Force of electrostatic attraction. This 
force is responsible for all ionic reactions of a 
non-oxidation-reduction type. 


Electromotive force. This force produces 
a current of electricity which oxidizes one sub- 
stance and reduces the other. 


Problem Set No. 13 


1. In the electrolysis of a solution of sodium sulfate, 


Na2SO,, the following electrode reactions are 
possible: 


At Anode: SO — = SO, рес (= v) 


2 H:O = Oz +4 H+ + 4е- (—1.229 v) 
At cathode: Nat + e- = Na (772 V] 
2 Н.О + 2e- = H: + 2 OH- (—0.828 v) 


(a) Which electrode reactions will occur in each 
case? 
(b) What is the net reaction for the cell? 


. In the electrolysis of fused NaCl, the electrode 


reactions are: 
At Anode: 2 СІ- = Cl; + 2e7 (—1.358 v) 
At cathode: Nat + e- = Na (627120) 


(a) What is the minimum voltage required of a 
battery to cause the electrolysis of this cell? 

(b) Would a single dry cell produce sufficient 
emf to cause this electrolysis? 

(c) Would an automobile battery produce suffi- 
cient voltage to cause this electrolysis? 


. A current of 30 amperes is passed through a bath 


of fused calcium chloride for 1 hour. What 
weight of metallic calcium will be deposited on 
the cathode? 


. How long will it take a current of 20 amps to 


deposit 40 grams of metallic sodium from fused 
NaCl? 


. What volume of Cl; at standard conditions will 


be liberated by a current of 15 amperes passing 
through fused NaCl for 1 hour? 


. Which of the following reactions will take 


place? Write balanced equations for those which 
do take place. 


(a) Mg + NiCl; 
(b) Н, + AuCl; 
(c) Cu + ZnCl, 


(d) Ag + HCl 
(e) Al + CuSO, 
(f) Cu + AgNO; 


. A galvanic cell consists of Aluminum metal in 


Al(NO;); solution joined to Lead metal in 
Pb(NO3)s solution. 


(a) What two half-reactions are involved? 
(b) What is the total emf of the cell? 
(c) Which is the oxidizing half-reaction? 


. A galvanic cell consists of Lead metal in 


Pb(NOz)- solution joined to Silver metal in 
AgNO; solution. 


(a) What two half-reactions are involved? 
(b) What is the total emf of the cell? 
(c) Which is the reducing half-reaction? 
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9. In the Edison storage cell, the electrodes consist 
essentially of iron and nickel dioxide. The half- 
reactions are: 


Fe + 2 OH- = Fe(OH). + 2e7 (+0.877 v) 


(—049 v) 


The electrolyte in this cell is a solution of potas- 
sium hydroxide, KOH. 


(2) Which electrode is the anode? 
(b) What is the total emf of the cell? 


10. For the balanced oxidization-reduction reaction: 


Crem — 6 Fest ЕЕ Gr: 
+ Ore t+ = TL JO 


(a) Write the half-reactions involved with the 
aid of Table XXV. 
(b) What is the total emf impelling this reaction? 


SUMMARY 


Electrolysis is the utilization of electrical 
energy to obtain chemical action. When an 
electric current is passed through a solution of 
an electrolyte, the electrolyte is decomposed 
at the electrodes in an oxidation-reduction type 
reaction. 

When more than one reaction is possible at 
an electrode, the one which requires the least 
amount of electrical energy will take place. 

Faraday’s Laws reveal that the amount of 
a substance produced by the electrolysis of a 
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substance depends upon the quantity of elec- 
tricity used and upon the equivalent weight 
of the substance. 

The Activity Series of Metals lists the 
metals in the order of their chemical reactivity 
in oxidation-reduction reactions. А metal 
higher on the list will replace the ions of the 
metals lower on the list from solution, and will 
liberate the lower metal in the free state. 

Oxidation-reduction reactions consist of two 
half-reactions, one giving off electrons and 
the other absorbing them. An electromotive 
force accompanies each half-reaction. The emf 
of the total reaction is the algebraic sum of the 
emfs of the two half-reactions. 

A galvanic cell converts chemical energy 
into electrical energy. Several types of galvanic 
cells, such as dry cells and the lead storage 
cell, produce electrical energy in useful form. 

The corrosion of metals is caused basically 
by the galvanic action of tiny cells which de- 
velop on the surface of the metal. The metal is 
oxidized by this action. The methods of com- 
batting corrosion involve the elimination of 
galvanic action from the surface of the metal. 

Matter, being of electrical nature, is impelled 
to undergo chemical change by either of two 
electrical phenomena: 


a) Forces of electrostatic attraction. 
b) Electromotive forces. 


CHAPTER 12 


THE ATMOSPHERE 


Surrounding the earth is a sea of gas known as 
the atmosphere or air. The individual gases 
contained in the atmosphere are invisible, but 
we can feel the presence of them as we swing 
our hand through air or breathe it deeply. The 
principal substances present in the atmosphere 
are nitrogen, oxygen, carbon dioxide, and 
water vapor. Except for water vapor which 
varies considerably, the atmosphere has a re- 
markably constant composition. Table XXVI 
summarizes the composition of the atmosphere 
exclusive of water vapor. 


Table XXVI 
Composition of Dry Air 
Percentage 
by Volume 
30 Miles 
Substance Sea Level Up (Est.) 
Nitrogen 78.03 79.2 
Oxygen 20.99 7.0 
Argon 0.94 0.03 
Carbon dioxide 0.03 5 
Hydrogen 0.01 13.6 
Neon 0.00123 
Helium 0.0004 0.126 
Krypton 0.00005 = 
Xenon 0.000006 == 
Radon Mere trace == 
Pressure 760 mm 0.4 mm 


EXPERIMENT 24: Cut a cork in half the long way. 
Permit wax from a birthday candle to fall onto the 
flat cut surface of the cork and then stand a 4 inch 
length of small birthday candle in the wax. This is a 
boat. Float this in a small pot of water, light the 
candle, and then cover the entire boat with a large 
glass so that the open end of the glass extends well 
down into the water. You will observe the water will 
immediately rise inside the inverted glass, and that 


the candle will become extinguished when about 1/5 
the air in the glass is replaced with water. 


In addition to water vapor, other variable 
components of the atmosphere are dust, pollen 
and other biological organisms, ammonia, 
oxides of nitrogen and sulfur, hydrogen sulfide, 
ozone, hydrocarbons, and miscellaneous sub- 
stances resulting from geologic, vegetative, and 
industrial processes. 

The atmosphere is divided into three layers. 
That part of it in contact with the earth and 
extending upward about 6 miles is known as 
the troposphere. About half the total weight 
of the atmosphere is contained in the tropo- 
sphere. Moreover, all the water vapor in the 
atmosphere is to be found here. Since water 
vapor and weather are intimately related, all 
weather phenomena take place in the tropo- 
sphere. From about 6 miles up to about 35 miles 
up is a layer known as the stratosphere. Air- 
craft on long flights normally use the lower por- 
tion of the stratosphere because it is free from 
clouds, storms, lightning, thunder, and all other 
forms of weather. Most meteorites are burned 
up in the stratosphere. In the lower strato- 
sphere, about 12 to 15 miles up, ozone attains its 
maximum concentration in the atmosphere. 
This gas absorbs much harmful solar radiation. 
Above the stratosphere is the extremely rare- 
fied region known as the ionosphere. This is 
the region in which the Aurora Borealis, or 
northern lights, stages its show. In the iono- 
sphere, matter is so energized by solar radiation 
that it becomes ionized. Several ionic layers 
appear to exist, and they have the property of 
being able to reflect radio waves back to earth, 
thus making possible long-range transmission. 
The ionosphere may extend upward to 200 
miles above the earth. 

Air is a mixture despite its relatively constant 
composition. Each component of air retains its 


107 


108 


own unique physical and chemical properties, 
and air can be separated into its components by 
physical means. Normally, differences in boil- 
ing points of the components are utilized in 
separating the substances in air. 

The physical properties of the constituents 
of air are listed in Table XXVII, except those 
of the inert gases which have already been pre- 
sented in Table IX on p. 31. Note that air has a 
sufficiently constant composition to have some 
physical properties of its own. The “Molec- 
ular Weight” listed for air is the weight in 
grams of 22.4 liters of air at standard conditions. 

The amount of water vapor in the atmos- 
phere may vary from a mere trace on a cold 
dry day to well over 7% of the composition of 
the atmosphere on a hot, humid day. Normally, 
the amount of water vapor in air is specified as 
the relative humidity, which is the ratio of 
the partial pressure of water vapor in air to the 
vapor pressure of water at the temperature of 
the air expressed as a percent. For example, if 
the partial pressure of water vapor in air at 77° 
F. (25° С.) is 16.5 mm., we can use Table XIV 
on p. 51 to compute the relative humidity of 
the air. In Table XIV we find that the satura- 
tion vapor pressure of water at 25° C. is 23.8 
mm. The relative humidity, therefore, is: 


* At a pressure of 5.2 atm. 
t Sublimes (passes directly from solid to gas) 
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16.5 3 
5387 ТОВ 7175601 

Notice that in the example just worked out, 
if the temperature of the air were to drop from 
25° С. to 19° C., the air would then be saturated 
with water vapor. The temperature to which a 
given mass of air must be lowered to saturate 
it with water vapor is known as the dew point. 
The dew point of air is rather easy to measure. 
If a wet piece of cloth is attached to the bulb of 
a thermometer, the cooling caused by the 
evaporation of moisture from the cloth will 
lower the temperature reading to the value of 
the dew point. A second thermometer can then 
be used to measure the actual temperature of the 
air. With these two temperatures and the aid of 
Table XIV, the relative humidity can quickly 
be calculated. The vapor pressure associated 
with the dew point is the partial pressure of 
water vapor in the atmosphere. The vapor pres- 
sure associated with the actual air temperature 
is the saturation vapor pressure. The relative 
humidity is then computed from the following 
relationship: 


Partial pressure 

of water vapor x 100 = 
Saturation 

vapor pressure 


The relative humidity of air is an important 


rel. hum. (1) 


Table XXVII 
Physical Properties of Components of Air 
Molec- Solub. in 

ular Melting Boiling Water, 0 °C. Density 
Substance Formdla «M eigitt... Pot, "C. — Point, C. cc/1009m] — g/luer 
Nitrogen Ns 28 9.906 —195.8 DEA |25 | 
Oxygen О, 39 —218.4 = 155 0 4.89 1.429 
Carbon dioxide CO, 44 = SGH — 78.51 179.7 1.977 
Water vapor H,O 18 —— — —- 0.804 
Hydrogen En 2 —259.18 —252.8 1.93 0.090 
Ozone О, 48 —251 —112 49 2.144 
Air — 29 — — — 12293 
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factor in human comfort. The expression, “It’s 
not the heat, but the humidity” is based on fact. 
If the relative humidity is below 50%, air tem- 
peratures as high as 80° F. will feel cool. The 
coolness, of course, is the result of evaporation 
of moisture from the skin. But air becomes 
“close” or stuffy and highly uncomfortable 
when the relative humidity hovers near the 
90% mark. Man has learned to control indoor 
climate by a process known as air condition- 
ing. The steps in the usual air conditioning 
process are as follows: 


1. Dehumidification of the air by passing 
it over a desiccant such as silica gel or calcium 
chloride. 

2. Chilling the air to the temperature of the 
desired dew point. 

3. Saturation of the air with water vapor 
at this low temperature by bubbling it through 
water. 

4. Warming the air back to the desired 
room temperature. 


The amount of moisture in the air can also 
be controlled by a somewhat different process, 
based upon the properties of saturated solu- 
tions. Air of the desired room temperature is 
bubbled through a saturated solution of a salt 
which is in equilibrium with excess solute. As 
you know, a saturated solution has a definite 
vapor pressure at a given temperature. If the 
partial pressure of the moisture in the air is 
greater than the vapor pressure of the satu- 
rated solution, the solution will absorb mois- 
ture from the air. But if the partial pressure of 
the moisture in the air is less than the vapor 
pressure of the saturated solution, the solution 
will add moisture to the air. Thus, by selecting 
the proper salt solution, exact humidity con- 
trol can be maintained. 

Let us now consider in more detail each of 
the components of the atmosphere. 


NITROGEN 


OCCURRENCE: The atmosphere is the only im- 
portant source of free nitrogen. However, 
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since the atmosphere consists of about 78% 
nitrogen, the supply is quite abundant. The 
principal source of combined nitrogen is the 
guano deposits found along the coast of Chile. 
These bird droppings which have accumulated 
in large quantity over centuries contain as 
much as 50% sodium nitrate, NaNOs. 


PREPARATION: Commercially, practically all 
nitrogen is obtained from the fractional distilla- 
tion of liquid air. Since nitrogen has a lower 
boiling point than oxygen, it boils away from 
liquid air first and is then collected and com- 
pressed into tanks. "This nitrogen is contami- 
nated by the inert gases present in air, but is 
sufficiently pure for most uses. 


In the laboratory, nitrogen is obtained by 
heating a mixture of sodium nitrite, NaNO,, 
and ammonium chloride, NH,Cl, in solution. 
The essential reaction 1s: 


NES Sis NO. = Ne =F H:O. 
PHYSICAL PROPERTIES: {These are summarized 
in Table XX VII. 


CHEMICAL PROPERTIES: The outstanding char- 
acteristic of nitrogen is its high stability and 
relative inertness. It combines with other 
elements only with difficulty. The process of 
inducing nitrogen to combine chemically with 
other substances is known as the fixation of 


nitrogen. This is accomplished in 1 the following 


ways: 


1. The very active metals will combine 
directly with nitrogen at high temperatures to 
form nitrides: 

3 Mg + М» = Mg;Nz2. 


2. In the cyanamide process, nitrogen and 
hot calcium carbide react to give calcium 
cyanamide and carbon: 

СаС» + № = CaCNe + С. 
The hot cyanamide then reacts with steam 
under pressure to form ammonia: 
CaCN,; + 3 НО = CaCO; + 2 NHsz. 

3. In the Haber Process, nitrogen and hy- 

drogen combine directly in the presence of a 
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finely divided metallic catalyst at high tempera- 
ture (about 500° С.) and extreme pressure 
(about 500 atm.): 


N: + 3 He = 2 NH}. 


4. The Nitrogen Cycle in Nature provides 
the essential nitrogen compounds for plant life. 
Bacteria in the roots of leguminous plants like 
clover and peas are able to oxidize nitrogen into 
proteins, which in turn decompose to form 
nitrates in the soil. Other bacteria cause the 
decay of plant and animal tissue producing am- 
monia and free nitrogen which returns to the 
atmosphere. The ammonia is oxidized to ni- 
trates by still other bacteria. In addition, much 
nitrogen combines directly with oxygen in the 
atmosphere during electrical discharges in 
storms. The oxides formed are washed to the 
ground by rain and are converted to nitrates by 
bacteria. 


UsEs: Great quantities of nitrogen are used in 
the fixation processes which produce the raw 
materials for the fertilizer and explosive in- 
dustries as well as materials to be used in the 
drug and dye stuff industries. Nitrogen is used 
as an inert atmosphere in metallurgical opera- 
tions, in rooms used for the storage of inflam- 
mable or explosive materials, and in electric 
light bulbs to lengthen the life of the filament 
by prevenung its oxidation. Argon is some- 
times mixed with nitrogen in filling light bulbs. 


PRINCIPAL COMPOUNDS: Ammonia, NH,, is 
2 colorless gas with a sharp irritating odor. It 
is exceedingly soluble in water, 1176 cc. of it 
dissolving in 1 ml. of water at 0? C., or 0.9 
grams of МН, dissolve in 1 gram of water. It 
is made by the Haber Process. It is a familiar 
household cleaning agent, and its vapors are a 
well-known stimulant. Large amounts of it are 
used in commercial refrigeration plants in 
which it chills its surroundings by absorbing 
energy as it is permitted to expand suddenly. 
(See Fig. 33.) It is the starting material in the 
manufacture of most other compounds of ni- 
trogen. 


b q al | |J 1 H 
qiie tom 


Fig. 33. Use of Ammonia in Refrigeration 


Nitric Acid, HNO,, is a colorless, volatile 
liquid with a piercing odor. It is completely 
miscible with water. It boils at 86? C. and 
freezes at —47? C. Nitric acid is both an acid 
and a powerful oxidizing agent. In water solu- 
tion it 1s a strong acid. It combines with oxides 
and hydroxides to form nitrates. Similarly, it 
forms nitrates with most metals. Non-metals, 
such as sulfur or phosphorus, are oxidized by it 
to sulfates and phosphates respectively. It is 
made from ammonia by oxidation. The reac- 
tions of the Ostwald Process are: 
4NH;+502=6H20+4NO (nitric oxide gas) 

2 NO + О = 2 NO: (nitrogen dioxide gas) 

3 NO: + Н.О = 2 HNO; + NO 
Another commercial process for making nitric 
acid, known as the arc process, involves direct 
combination of oxygen and nitrogen under the 
influence of an electric arc to form nitric oxide, 


NO: 

N+ О =2 МО 
The nitric oxide is then converted to nitric acid 
as in the last two steps of the Ostwald Process. 
Nitric acid is used in the manufacture of sul- 
furic acid, nitrates, fertilizers, dyes, celluloid, 
and explosives. 

Oxides. Nitric oxide, NO is a colorless gas. 
Nitrogen dioxide, NO,, is a reddish-brown 
gas. Both are used in the manufacture of nitric 
and sulfuric acids. Nitrous oxide, N.O, is pre- 
pared by heating ammonium nitrate: 

NHNO; = 2 Н.О + N;O. 
This gas, when inhaled produces unconscious- 
ness and insensibility to pain. Hence, it is used 
as an anesthetic in minor surgery and dentistry. 
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It is claimed that the inhaling of small amounts 
of this gas can produce hysterical laughter. 
Hence it is sometimes called *Laughing Gas." 


OXYGEN 


OCCURRENCE: Oxygen is the most abundant 
and widely distributed element on earth. 20% 
of the atmosphere, 50% of the solid crust of 
the earth, 89% of water are made up of oxygen. 
This element 1s essential to all plant and animal 
life. 
PREPARATION: Commercially, oxygen is ob- 
tained by the fractional distillation of liquid 
air. The liquid remaining after the other atmos- 
pheric gases have boiled away from liquid air is 
essentially pure oxygen. It is bottled in tanks 
under pressure after separation from the other 
gases. Oxygen is also obtained commercially 
as a by-product from the industrial electrolysis 
of water solutions. 

In the laboratory, oxygen may be pre- 
pared by: 

(a) Heating certain metallic oxides, es- 
pecially the oxides of metals lower than copper 
in the Activity Series. 


(b) By heating certain oxygen-bearing salts 
such as potassium chlorate: 
2 KCIO, = 2 KCl + 30s. 


(c) By the reaction between water and 
sodium peroxide: 


2 Н.О + 2 М№а,О, LEE NaOH EE Os. 


PHYSICAL PROPERTIES: [hese are summarized 


in Table XX VII. 


CHEMICAL PROPERTIES: At room temperature, 
oxygen 1s only mildly reactive, but at elevated 
temperatures, it combines with most elements 
and many compounds, especially those contain- 
ing carbon and hydrogen, to form oxides of all 
the elements. For example: 

(Magnesium) 

2 Mg + О, = 2 MgO. (Brilliant white flame) 
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(Copper) 
2 Cu + O; = 2 CuO. (Greenish flame) 
(Sulfur) 
S + О, = 50. (Blue flame) 
(Alcohol) 


C;H;OH + 3 O: = 2 CO; + 3 НО. (Yellow flame) 
(Carbon tetrachloride) 

CCL + О, = (No reaction, ССІ, is non-flammable) 
usEs: Oxygen is necessary to sustain human 
life. Cylinders of this gas are carried aboard 
planes or on mountain-climbing expeditions to 
permit respiration at high elevations. It makes 


possible the production of high temperatures in 


oxy-hydrogen and oxy-acetylene torches. In 
hospitals, much oxygen is used to assist in the 
recovery of pauents from lung diseases and 
pneumonia. 


PRINCIPAL COMPOUNDS: The metallic oxides, 
when combined with water, produce hydrox- 
ides: 
CaO + Н,О = Са(ОН). 
The metallic oxides are therefore known as 
basic anhydrides. The oxides of non- 
metals, when combined with water, produce 
acids: 
SO; + H20 = H2SQs. 
These oxides are therefore known as acid 
anhydrides. 
COMBUSTION 

A substance combining with oxygen is al- 
ways oxidized. All such combinations result 
in the evolution of heat energy. If the rate of 
reaction is slow, and only heat energy is given 
off, the process is called slow oxidation. But 
if oxygen combines with the other substance 
so rapidly that light energy as well as heat is 
evolved, the process is known as combustion. 
The flame produced by combustion consists of 
burning gases vaporized from the combustible 
substance by the heat of the reaction. The 
flame may be colored by energized ions emit- 
ting light energy as well as by bits of solid 
material heated to incandescence by the reac- 
tion energy. The rusting of iron is a slow oxida- 
tion. The burning of wood is combustion. It 
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should be pointed out that the total amount of 
energy released by the oxidation of a substance 
is the same regardless of the rate of the combus- 
tion or oxidation process. 

Before a substance can burst into flame, it 
must be heated to a definite temperature. This 
minimum temperature is known as the kin- 
dling temperature. Each combustible sub- 
stance has its own kindling temperature. 


EXPERIMENT 25: Select a 9-inch pie tin. On the inside, 
just at the edge of the sloping side, place at equal 
space intervals the following items: the head of a 
match, shavings from a cork, torn bits of paper, a 
small piece of cotton dipped in oil, a small piece of 
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cotton wet with lighter fluid, a small piece of cotton 
wet with turpentine. Center the pan directly over 
the gas burner on the stove and light the gas. The 
objects in the pan will take fire in the order of in- 
creasing kindling temperature. 

Spontaneous combustion is likely to occur 
when the following factors are present: 


A combustible material which is a poor 
conductor of heat, stored in still air. 


Oxygen in the air begins slowly to oxidize the 
combustible material and thereby generate 
heat. The heat is not conducted away, but is 
permitted to accumulate around the material. 
Eventually, the temperature is raised to the 
kindling temperature, and active combustion 
proceeds from then on. Oily or paint-stained 
rags should never be permitted to accumulate, 
especially in the corners of closets or cabinets. 
If they must be kept, safety dictates that they be 
stored in metal containers in a well-ventilated 
spot. 
OZONE 

OCCURRENCE: Ozone, Оз, is an allotropic 
form of oxygen, which means that it is the same 
substance in different molecular form and pos- 
sessing different properties. Ozone is found toa 
slight extent in the atmosphere and in the vicin- 
ity of sparking electrical equipment. 


PREPARATION: Ozone is prepared by passing 
oxygen or air through an electrical discharg- 
ing apparatus known as an ozonizer. (See Fig. 
34.) About 7% of the oxygen is converted by 
this process. The equation is: 


3 O: ES O;. 
PHYSICAL PROPERTIES: lhese are summarized 


in Table XXVII. 


CHEMICAL PROPERTIES: Ozone, a pale blue gas, 
is a much more powerful oxidizing agent than 
ordinary oxygen. Its principal chemical reac- 
tion serves as a test for its presence, If air with a 
trace of ozone is bubbled through a solution of 
iodide ion, the iodide ion is oxidized to free 
10dine: 
О +2 I- + H;0 = O: + I5 + 2 ОН-. 
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If starch is also dissolved in the water, an intense 
blue color will form as the free iodine 1s liber- 
ated. 


UsES: The uses of ozone depend upon its oxi- 
dizing powers. It is a powerful bleaching agent, 
for it oxidizes colored substances. It is also used 
to kill bacteria in air and drinking water. Al- 
though it has a penetrating odor (you have 
smelled it around an electric train), it 1s an ex- 
cellent deodorizer. 


HYDROGEN 


OCCURRENCE: Free hydrogen is rare because of 
the reactivity of this element, but in the com- 
bined form, hydrogen makes up about 1% of 
the crust of the earth. Actually in total num- 
ber of atoms, hydrogen 1s probably second to 
oxygen in abundance on earth, while in the uni- 
verse it is probably by far the most abundant 
element. Hydrogen forms about 11% of wa- 
ter, and is to be found in all petroleum products, 
in all acids and bases, and in all forms of animal 
and vegetable life. 


PREPARATION: Commercially, hydrogen is 
prepared from water. Three different processes 
are commonly used: 


1. The electrolysis of water solutions, 
2. The action of steam on hot iron: 


3Fe+4 Н.О = ЕезО, + 4 Ho. 


3. The water gas method. In this method, 
steam is passed over hot carbon in the form of 
coke or coal: 

Н.О + C = СО + Hz. 
The mixture of hydrogen and carbon monox- 
ide is known as water gas. Both of these gases 
are combustible, so the mixture is used as a 
gaseous fuel. 


In the laboratory, hydrogen is usually pre- 
pared by the action of active metals on an acid: 
Zn + 2 НСІ = ZnCl, + He. 

It may also be obtained from the action of very 
active metals on water: 
Ca + 2 H20 = Са(ОН), + Hs. 
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PHYSICAL PROPERTIES: These have been sum- 


marized in Table XXVII. 


CHEMICAL PROPERTIES: Hydrogen is not very 
reactive at room temperature, but at higher 
temperatures it burns vigorously, and often ex- 
plosively, in air or oxygen to form water. 


2 He. + О, = 2 НО. 


Hydrogen is a moderately strong reducing 
agent, as can be seen from its position in Table 
XXV. For example, it can reduce the oxides of 
metals less active than manganese to the free 
metals: 

Н, + CuO = НО + Cu. 


Hydrogen will combine directly with the very 
active metals to form compounds called ionic 
hydrides, in which the valence number of hy- 
(тегеп б] 

Са + H =СаН.„. 
These solids react vigorously with water to give 


off hydrogen and form the metallic hydroxide. 


uses: In the presence of a catalyst and under 
pressure, hydrogen will combine with vege- 
table oils to form solid fats like “Crisco” or 
“Spry” which are used as shortening. The proc- 
ess is known as hydrogenation. This process 
is also extensively used in the refining of petro- 
leum products to increase the yields of gaso- 
line. Considerable quantities of hydrogen are 
used for hydrogenation. 

Hydrogen is also used extensively in the pro- 
duction of ammonia and many other chemical 
substances. Its use in inflating balloons was 
stopped after the disaster of the zeppelin “Hin- 
denburg." 


PRINCIPAL COMPOUNDS: 


1. Acids and bases. These will be described 
as the various elements are studied. 

2. Organic compounds. Chapter 22 will 
deal with a few of the thousands of such com- 
pounds which are known. 

3. Hydrogen peroxide, Н,О,. Pure hy- 
drogen peroxide is an oily liquid which freezes 
at —0.89? C. and boils at 151.4°. The pure sub- 
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stance is quite unstable, decomposing with vio- 
Jent force when brought in contact with dust 
or organic material: 


2 Н.О» = 2 HO aF О». 


It is made by the electrolysis of a concentrated 
solution of potassium bisulfate, KHSO,, with 
a strong current of electricity. This forms the 
compound potassium peroxy disulfate, K25.0s, 
which, when heated with steam, forms hydro- 
gen peroxide and regenerates the potassium bi- 
sulfate: 


КЕС OF +2 HO =n KHSO, + H305. 


The peroxide is then concentrated by distilling 
it at very low pressure. Dilute solutions of this 
compound may also be made from the interac- 
tion of barium peroxide and ice cold sulfuric 
acid: 

BaO; + HSO; = BaSO, + Н.О», 


Peroxide solutions of 90% or more concen- 
tration provide oxygen to burn the fuel in 
submarine engines. 30% solutions are used as 
bleaches for various types of fabrics, ivory, 
feathers and other substances. 3% solution is 
used as a disinfectant and mouthwash, and also 
for mild bleaching of such items as hair. 


WATER 


OCCURRENCE: By almost any standard, water 
is the most important chemical compound on 
earth. It is also the most abundant compound. 
It is essential to all life processes. Despite the 
fact that about 75% of the surface of the earth 
is covered by water, and that water is found in 
a saturated layer known as the water table just 
below the surface of the land in most areas, lack 
of water causes vast land areas to be almost un- 
inhabitable, and serious water shortages threat- 
en important agricultural and industrial areas. 


Two factors contribute to the shortage of wa- 
ter: 


1. The extensive solvent action of water 
renders most of this compound unfit for use. 
The oceans are vast solutions whose solutes are 
so highly concentrated that they are poisonous 
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to man and to the plants he raises for food. 


2. A staggering percentage of the fresh wa- 
ter man takes for his use is wasted. 


About 70% of the human body is water. 
Animals and plants have correspondingly high 
percentages of water in their make-up. 


PREPARATION: Commercially, water is not 
“prepared” as such. Fresh water from lakes 
and streams is purified by sedimentation and 
filtration to remove the suspended clay, sand, 
and organic material. Small amounts of chlorine 
are then added to the water to kill bacteria. 


In the laboratory, and for relatively small 
scale consumption, water may be separated 
from its solutes by: 


(a) Distillation. 
(b) De-ionization. 


In the deionization process, water is caused to 
flow through beds of organic resins. One type 
of resin has the property of being able to ex- 
change its own hydrogen ions for all the me- 
tallic ions in the water, Another type of resin 
exchanges its own hydroxide ions for all the 
non-metallic ions in the water. Although this 
process does not remove non-ionic solutes, it 
produces water of relatively high purity. The 
two types of resins can be regenerated when 
they have exchanged their capacity of ions, the 
hydrogen type being regenerated by a solution 
of sulfuric acid, and the hydroxide type with 


a solution of sodium hydroxide. 


PHYSICAL PROPERTIES: Water is a clear, odor- 
less, liquid which freezes at 0° C. and boils at 
100° C. In many ways it is the most unusual of 
liquids. That water is a liquid-to begin with is 
a mystery. All other compounds of similar 
molecular weight and structure are gases at 
room temperature (HS, NO, NO,, N;O, 
NH; CH, EU JAC) ete d= “W ateralias tite 
highest specific heat, heat of fusion, and heat of 
vaporization of any liquid at room temperature. 
It also has the greatest solvent action. Its tem- 
perature of maximum density 15 4° C., so it ex- 
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pands as the temperature moves in either di- 
rection from that figure. Consequently, it is 
the only known liquid that shows expansion on 
cooling. Asa result of the expansion of water at 
temperatures below 4°, colder water rises to 
the surface, and freezing takes place only on 
the surface of water rather than completely 
through the liquid. Asa result of this, the lower 
levels of lakes and rivers remain liquid. This 
protects the various forms of aquatic life. 


CHEMICAL PROPERTIES: Water is an essential 
part of most chemical changes, either as a re- 
actant or as a medium in which reactions take 
place. Water is an important weak electrolyte, 
and it reacts with many elements and com- 
pounds. 


uses: One rather clever use of water might well 
be pointed out. Many plants, like cranberry 
plants, cannot survive temperatures below the 
freezing point of water. To protect these 
plants, the fields are flooded during the winter 
when air temperature falls considerably below 
32° F. Only the surface of the water freezes, 
however, and beneath this layer of ice the liquid 
water, and consequently the plants, are held at 
temberatures slightly above 32° F. 


CARBON DIOXIDE 


OCCURRENCE: In addition to forming about 
0.03% of the atmosphere, carbon dioxide, СО», 
is dissolved in all natural waters, and is present 
combined in a varicty of carbonate minerals and 
rocks, the most abundant of which is lime- 


stone, СаСО,. 


PREPARATION: Commercially, carbon dioxide 
is prepared by heating limestone: 

CaCO; = CaO + СО. 
The gas is collected, compressed to a liquid, 
and stored in tanks. The other product, СаО, is 
called lime, and it too is commercially impor- 
tant. Carbon dioxide is also a by-product of 
the fermentation industry. Large amounts of 
carbon dioxide are added to the atmosphere 
from the combustion of carbon or carbona- 
ceous material with excess oxygen. 
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In the laboratory, carbon dioxide is gen- 
erally prepared by the action of acids on me- 
tallic carbonates: 


2 HCl + MgCO; = MgCl, + H;O + СО». 


In nature, there is a carbon cycle, similar to 
the nitrogen cycle, tending to keep the amount 
of carbon dioxide in the atmosphere relatively 
constant. Plant life, with the aid of sunlight and 
the catalytic action of chlorophyll, can absorb 
carbon from the carbon dioxide of the atmos- 
phere to form cellulose, sugar, starch, and pro- 
tein in its cells. Pure oxygen is returned to the 
air in this process which is called photosyn- 
thesis. Animal life eats plants to acquire car- 
bon, and inhales oxygen from the air. Carbon 
dioxide forms in animal cells, and is exhaled 
into the atmosphere. 


PHYSICAL PROPERTIES: Like water, carbon di- 
oxide has some unusual physical properties. At 
room temperature it is a colorless, heavy gas. If 
this gas is cooled to —79.9° C., it will condense 
directly to a solid. Solid carbon dioxide 1s 
known as “dry ice.” Similarly, the solid passes 
directly to the gaseous state as it is warmed up. 
This phenomenon is known as sublimation. 
Carbon dioxide must be compressed to at least 
a pressure of 5.2 atmospheres before any liquid 
state forms. Above this pressure, the freezing 
point of carbon dioxide is —56.6° C. Notice 
that the normal boiling point is below the 
freezing point of this substance! Other physi- 
cal properties of carbon dioxide are summarized 


in Table XXVII. 


CHEMICAL PROPERTIES: Carbon dioxide is a 
very stable compound which neither burns nor 
supports combustion. At high temperatures it 
can be reduced to carbon monoxide, CO, by 
hot carbon or zinc: 


It combines with the oxides and hydroxides of 
the very active metals to form carbonates: 


CaO + СО» = СаСО}. 
Са(ОН) 5 СО» = CaCO; ar НО. 
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It dissolves in water to form the important 
weak electrolyte, carbonic acid, Н„СО,. 


usEs: Large quantities of carbon dioxide are 
used in the manufacture of white lead, sodium 
carbonate, and sodium bicarbonate (baking 
soda). It is also used in the manufacture of car- 
bonated beverages, being dissolved in these 
liquids under pressure. Removal of the cap 
from a bottle of soda permits the excess carbon 
dioxide to bubble free. One type of fire extin- 
guisher contains liquid carbon dioxide under 
pressure. Another type contains sulfuric acid 
and sodium bicarbonate solutions which react 
to produce fire-extinguishing carbon dioxide 
when they are mixed: 
2 NaHCO; + HS0, = NaSO, + 2 H2O + 
2 СО. 


Solid carbon dioxide is used as a refrigerant. 
INERT GASES 


OCCURRENCE: Helium, neon, argon, krypton, 
and xenon are found in the atmosphere. He- 
lium is also found in natural gas deposits in the 
southwestern part of the United States. Radon 
is found associated with radium-bearing min- 
erals. 


PREPARATION: All except radon are obtained 
from the fractional distillation of liquid air. He- 
lium is obtained from natural gas deposits by 
liquifying all other constituents and collect- 
ing the gaseous helium. The percentage of he- 
lium in these deposits may range from 1% to 
almost 2%. Radon is radioactive and is a gas- 
eous emanation from radium. 


PHYSICAL PROPERTIES: All of the inert elements 
are gases. Their physical properties are sum- 
marized in Table IX on publ. 


usEs: Helium is used to inflate balloons and 
dirigibles. It is added to oxygen to replace the 
nitrogen in air used by deep sea divers. Nitro- 
gen dissolves in blood under the pressures re- 
quired for this use, and when the pressure is 
reduced as the diver emerges, the nitrogen 
comes out of solution and forms bubbles in the 
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blood stream. This is believed to be responsible 
for the painful, and sometimes fatal, ailment 
known as “bends.” The less soluble helium re- 
duces the possibility of danger from this source. 
Argon is used with nitrogen in filling electric 
light bulbs. It, together with helium, is fre- 
quently used as an inert atmosphere in scien- 
tific work. "Neon" lights are familiar to all. 
Table XXVIII supplies some data with regard 
to the substances used in these lights. 

Radon 15 used in hospitals to combat cancer be- 
cause of its radioactive properties. Krypton and 
xenon are not used commercially, 


Problem Set No. 14 


1. Compute the densities of the substances in Table 
XXVIII relative to Air = 1. 

2. The air temperature is 20° C. and the dew point 
is 10° C. Find the relative humidity. 

3. The air temperature on a hot day is 29° C. 
:94.2? F.). The relative humidity is 89%. Find 
the dew point (both centigrade and Fahrenheit). 

4. On what page of this book is the theory of the 
use of saturated solutions in air conditioning 
covered? 

5. What is the valence number of sulfur in potas- 
sium peroxy disulfate, K25eO¢? 

6. How many free elements are you likely to in- 
hale in your next breath? 

7. 22.4 liters of helium at standard conditions weigh 
4 grams. Is the formula for the molecule of 
helium He, Не», or Нез? 

8. The following statement is made: "When I 
swing my hand rapidly through air, it cools off. 
If I ride a bicycle fast, I cool off. Therefore, any- 
thing that moves through air cools." Comment 
on the statement, referring to meteorites. 

9. Why does a bottle of soda fizz violently after 
being shaken? 

10. Alka-Seltzer tablets contain calcium phosphate, 
aspirin, citric acid, and sodium bicarbonate. 
What gas effervesces from the solution when 
these tablets are dissolved? Why? 


SUMMARY 


The atmosphere is a shell of gases sur- 
rounding the earth. It contains nitrogen, oxy- 
gen, argon, carbon dioxide, hydrogen, and 
small amounts of the other inert gases in rela- 
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tively constant amounts. Water vapor is an im- 
portant variable component of air. 

Relative humidity is the ratio of the partial 
pressure of the water vapor in the air to the 
vapor pressure of water at the temperature of 
the air. The dew point is the temperature at 
which the air would be saturated with water 
vapor. 

Nitrogen is obtained from the atmosphere 
by the fractional distillation of liquid air. The 
fixation of nitrogen is accomplished in the 
cyanamide process, the Haber process, and 
in the nitrogen cycle in nature. Its principal 
compounds are ammonia, nitric acid, and its 
oxides. 

Oxygen is likewise obtained from the at- 
mosphere by the fractional distillation of liquid 
air. It is very active chemically, especially at 
high temperature. Acid and basic anhydrides 
are among the important compounds of oxy- 
gen. 

Combustion is oxidation accompanied by 
the evolution of light energy in the form of a 
flame. The kindling temperature of a sub- 
stance is the lowest temperature at which it 


Table XXVIII 
“Neon” Signs 
Color Gas mixture Pressure, mm. Color of Glass 

White helium 3-4 clear 
Yellow helium 3—4 amber 
Light green neon-argon-mercury 10—20 green 
Dark green neon-argon-mercury 10-20 amber 
Light blue neon-argon-mercury 10-20 clear 
Dark blue neon-argon-mercury 10-20 purple 
Red neon 10-18 clear 
Deep red neon 10-18 red 


will burst into flame. Spontaneous combus- 
tion may occur if a combustible material 
which is a poor conductor of heat is stored in 
still air. 

Ozone is an allotropic form of oxygen and 
is a more powerful oxidizing agent. 

Hydrogen is obtained from water or acids. 
It burns in oxygen and is a good reducing agent. 
Hydrogen peroxide ıs an important com- 
pound of hydrogen used as a source of oxygen 
for rocket fuels. 

Water is the most important chemical com- 
pound. Its unique physical properties contrib- 
ute to its usefulness. It is involved in most 
chemical reactions either as a reactant or as a 
medium in which the reaction takes place. 

Carbon dioxide is obtained by heating 
limestone. It participates in the important car- 
bon cycle in Nature. Solid carbon dioxide 
sublimes because the boiling point of this sub- 
stance is below its freezing point. 

The inert gases are usually obtained from 
air. Helium is found as part of some deposits of 
natural gas, and radon is a gaseous emanation 
from radium. They have no chemistry. 


CHAPTER 13 


THE HALOGENS 


The elements in Group VII of the Periodic 
Table form an important family of elements. 
You will recall that the vertical Groups in the 
Periodic Table have similarity of electronic 
structure. Since chemical behavior depends 
upon electronic structure, we can expect to 
find similarity of chemical behavior among the 
elements of a given group. Consequently, the 
Groups are frequently referred to as “families 
of elements." 

The elements of Group VII are known as 
the halogens, a term referring to their tend- 
ency to form salts. Tables XXIX and XXX, 
which summarize the physical and chemical 
characteristics of the elements of this Group, 
should be studied carefully to detect not only 
similarities, but also the gradual differences that 
occur as we proceed from the lighter to the 
heavier elements. The element astatine, At, 
has been omitted from the two tables because 
it is so rare that it is of no importance. How- 
ever, by extending the data in the two tables, 


you should be able to predict fairly well what 
the properties of this rare element might be. 

Note particularly that flourine is the most 
active member of the halogen family and that 
it forms the most stable compounds. It is a 
general principle of chemistry that the more 
active the element, the more stable will be 
its compounds. It should also be noted from 
the replacement properties of these elements 
that an activity series of non-metals similar 
to the activity series of metals exists. In order of 
decreasing activity they are: fluorine, chlorine, 
bromine, oxygen, iodine, and sulfur. As in the 
case of the activity series of metals, the more 
active non-metallic clements are capable of re- 
placing the less active non-metals from solu- 
tions of the latter’s salts. For example, 


Е, + 2 МаВг = 2 NaF + Bro. 


Finally it is very important to keep in mind 
that all of the halogens and all of the hydrogen 


Table XXIX 


Physical Properties of the Halogens 

Characteristic Fluorine Chlorine Bromine lodine 
Atomic No. 9 17 35 ES 
Electron 

Arrangement 2347 By Sed, 2,,8,.18, Я, A ADR 
Atomic Wt. 19 35.5 80 127 
Physical State gas gas liquid solid 

| Color pale yellow greenish-yellow dark red steel gray 

Density, g/ce 1.14 (liq) 1.51 (liq) 3412 (liq) 4.92 (solid) 
Boiling Pt. °C. 100) — 34 58 184 
Eréezunp Ре =223 =й = 114 
Solubility, g/100 decomposes to 

ml water at 0° C. ШЕЕ O 1.46 4.17 0.32 
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Table XXX 
Chemical Properties of the Halogens 
Characteristic Fluorine Chlorine Bromine lodine 
General Activity Extremely Very active Less active Least active 
active 
Activity with Violent, even Slow in dark, Must be Slow and incom- 
Hydrogen in dark violent in light heated plete even 
i: when heated 
hydrogen halide HF HO HBr HI 
Stability of Extremely Very Less Least 
hydrogen halide stable stable stable stable 
Oxidizing power Most Very Less Least 
powerful powerful powerful powerful 
Replacement of Replaces Cl- КерЈасеѕ Вг, = Replaces О, Replaces 
non-metals BrO ES OS LS S only 
Reaction with Decomposesit Rapidly forms Slowly forms No reaction 
water te LIE чь Os g lt Cl -HHOG=HBr HOB 


Table XXXI 
Occurrence of the Halogens 


Element Occurrence 


Fluorine The mineral fluorspar, CaF;. 
The mineral cryolite, Na, AlFe. 
Chlorine Aschloride1on, СГ, in sea water 
(2%). 
In rock salt beds of the mineral 
halite, NaCl. 
In salt beds of KCl, MgCl, and 
CaL! 
In the human gastric juices as 
FACTION Z X. 
Bromine As bromide ion, Вг”, in sea wa- 
ter (0.008%). 
As NaBr in salt beds. 
As iodide ion, I~, in sea water 
(0.000004%). 
As sodium iodate, NaIO,, in 
Chilean nitrate deposits. 
In sea weed such as kelp. 


Iodine 


halides are very poisonous because of their 
great chemical activity. 


OCCURRENCE: Decause the halogens are so ac- 
tive, none of them is found free in Nature. But 
in the chemically combined state, the halogens 
are both very abundant and widely distributed. 
By far the most abundant of these elements is 
chlorine. Bromine, iodine, and fluorine follow 
in that order. Table XXXI summarizes the oc- 
currence of the halogens. 


PREPARATION: The preparation of free halo- 
gens involves vigorous oxidation of compounds 
containing halogen ions, either by powerful 
oxidizing or by the oxidizing effect of an elec- 
tric current. If you refer back to Table XXV 
you will note that the oxidation-reduction 
potentials of the halogen half-reactions are: 


2 I- = I + 2е- —0.5345 v. 
2 Br- = Brz + 263 —1.065 v. 
2 Cl- = Cla + 2e- —1.358 v. 

2]-— —RHa tom —2.85 v. 


Since the fluoride half-reaction 1s at the very 
bottom of the list, this means that fluorine 1s 
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the most powerful oxidizing chemical sub- 
stance and that no other chemical can oxidize 
fluoride ions to elemental fluorine gas. There- 
fore, fluorine can be prepared only by elec- 
trolysis. Substances such as the dichromate ion, 
Cr,O0,~~, and the permanganate ion, МпО,, 
as well as fluorine gas can oxidize any of the 
other three ions because these substances are 
lower in Table XXV. With the aid of this table 
you can set up a number of possible reactions 
which will liberate chlorine, bromine, or iodine 
from their ionic solutions. Remember that the 
oxidizing half-reaction proceeds from right to 
left as written in Table XXV. 


Commercially, the halogens are prepared as 
follows: 


1. Fluorine. The salt, potassium bifluoride, 
KHF,, is melted in a copper container fitted 
with graphite electrodes. Electrolysis of the 
fused salt liberates fluorine at the anode, and 
both hydrogen and metallic potassium at the 
cathode. The latter two elements are valuable 
by-products. Copper is used as a container be- 
cause, although it 1s attacked by free fluorine, a 
coating of copper fluoride, CuF,, is produced 
which forms a protective layer on the metal to 
prevent further reaction. Lead, nickel, and 
magnesium have similar behavior toward fluo- 
rine and may be used to replace the copper in 
the electrolysis cell. 


GRAPHITE ANODE 


Cla <— PERFORATEO 
STEEL CATHOOE 
> As 
ASBESTOS 
DIAPHRAGM 


Na OH 
SOLUTION 
— 


Fig. 35. Preparation of Chlorine from 
Salt Solution in Nelson Cell 
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2. Chlorine. All commercial chlorine now 
comes from electrolysis. About 90% of com- 
mercial chlorine is produced by the electrolysis 
of brine, which is a solution of common salt. 
(See Fig. 35.) In this process, chlorine is col- 
lected at the anode, and hydrogen gas at the 
cathode. The resulting solution contains so- 
dium hydroxide which 15 obtained as a by-prod- 
uct by the evaporation of the solution. The 
overall reaction for the process is: 


2 NaCl +2 Н.О == Cl; ae Н» == NaOH. 


The electrolysis of fused sodium chloride also 
yields chlorine gas. The cathode product in this 
case is a deposit of pure sodium metal. The 
commercial demand for metallic sodium deter- 
mines the extent to which this more costly 
process is used. 

3. Bromine. Most bromine is now prepared 
from sea water. [he water is first acidified with 
sulfuric acid, and the bromide ions present are 
oxidized to elemental bromine by passing chlo- 
rine gas into the solution. The reaction is: 


2 Br- Clg ICI H- Bay. 


4. Iodine. Most commercial iodine is now 
obtained from salt water solutions encountered 
in producing oil in California. The iodine ions 
present are oxidized by a solution of sulfuric 
acid and sodium nitrite. The reaction 15: 


21-+4H++2NO.- =2H20+2 МО + Is. 
In the laboratory, the halogens may be pre- 


pared as follows: 


1. Fluorine. The laboratory preparation of 
fluorine is essentially the same as the com- 
mercial method. 

2. Other Halogens. The other halogens, 
chlorine, bromine, and iodine, may be con- 
veniently oxidized from acidified solutions of 
their ions by the oxidizing action of such ions 
as the dichromate ion or permanganate ion, or 
by the action of such compounds as manganese 
dioxide, MnO». Typical reactions are (in these 
reactions, the symbol X^ represents апу of the 
three halide ions, Cl~, Br, or I7): 
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6X-4-CrnO;-- + 14 = 2 Crete 4 
3 X» + 7 НО. 
10 X- --2MnQ,- + 16H+ =2 Mnt+ + 
5 Xs + 8 H2O. 
2N + MnO; +4 H+ = Mnt+ + X +2 НО. 


PHYSICAL PROPERTIES: The major physical 
properties of the halogens are summarized in 
Table XXIX. In addition it should be pointed 
out that all of the halogens form diatomic mole- 
cules in which the two atoms are covalently 
bonded. All have sharp, disagreeable odors and 
attack the skin and mucous membranes of the 
nose and throat. Although iodine is a solid at 
room temperature it readily sublimes because 
of its high vapor pressure. Iodine vapor is deep 
violet in color. The solubility of the halogens in 
non-aqueous solvents such as carbon tetrachlo- 
ride, CCl,, and carbon disulfide, CS,, increase 
with increased atomic weight. Jodine is about 
650 times more soluble in CS; than it is in water. 


CHEMICAL PROPERTIES: Table XXX summa- 
rizes the important chemical properties of the 
halogens. 

EXPERIMENT 26: A very sensitive test for the pres- 
ence of iodine may be observed as follows. Place a 
few drops of “tincture of iodine” in a glass half 
filled with water. Add a few grains of dry starch 
(Linit, etc.). Stir to dissolve the starch. The blue 
color that develops is a complex compound of iodine 
and starch of unknown composition. 


uses: 1. Fluorine. Despite the extremely poi- 
sonous nature of both fluorine gas and the 
fluoride ion, the uses of fluorine are rapidly in- 
creasing. Many of its compounds are harmless, 
such as the important refrigerator gas Freon, 
which is ССІ.Е,. Cryolite, which is sodium 
aluminum fluoride, Na; AlFe, is made synthet- 
ically and is a vital flux in the electrolytic pro- 
duction of aluminum metal. Compounds of 
fluorine and carbon are gaining in importance 
because of their heat and fire resistance. Many 
new and important plastics contain fluorine. 
When drinking water contains about one part 
per million of fluorine, evidence indicates that 
such water has a beneficial effect on teeth. 
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However if the concentration of fluorine in 
the water increases to more than 3 parts per 
million, teeth seem to become mottled with 
brown spots, Fluorine compounds are used as 
insecticides and wood preservatives. Both lith- 
jum and sodium fluorides serve as a flux in the 
soldering of aluminum. 

2. Chlorine. Large quantities of chlorine are 
used to bleach wood pulp for the paper indus- 
try and cotton and linen fabrics in the textile 
industry. Virtually all cities add small amounts 
of chlorine to drinking water to kill bacteria. 
Water in swimming pools is likewise chlo- 
rinated either directly with chlorine or by 
adding the compound calcium hypochlorite, 
Ca (OCI); 

3. Bromine. Bromine is used chiefly in the 
petroleum, drug, and photographic industries. 
The compound ethylene dibromide, C;H,Br;, 
is an important additive in anti-knock gasoline. 
Many dyestuffs and drugs contain bromine. 
Some bromine compounds have a nerve sooth- 
ing effect. Silver bromide is used to coat photo- 
graphic film and plates. 

4. Iodine. An alcoholic solution of iodine, 
known as tincture of iodine, is a well-known 
antiseptic. Other compounds of iodine such as 
iodoform, CHI,, are likewise used in the drug 
industry. Small amounts of iodine are essential 
in the diet to insure proper functioning of the 
thyroid glands. Iodized salt, containing a small 
amount of sodium iodide, Nal, and sea food 
are the chief food sources of this element. De- 
ficiency or excess of iodine in the diet leads to 
the disease called goiter. 


PRINCIPAL COMPOUNDS: Hydrogen Halides. 
The hydrogen halides, HF, НСІ, HBr, and HI, 
all exhibit dual behavior. All are covalently 
bonded gases at room temperature. They are 
colorless and have penetratingly sharp odors. 
When perfectly dry, they are non-conductors 
of electricity. However, they are extremely 
soluble in water, and in solution they become 
ionic substances and dissociate into 1ons in the 
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Table XXXII 
Physical Properties of Hydrogen Halides 


Hydrogen 
Property Fluoride 
Molecular Wt. 20 


Decomposes at pd == 


Density, g/ml 0.00089 
Critical Temp. 

Crit. Press. 

Boiling Pt. °C. 


Freezing Pt. ©! 


manner of all electrolytes. In water solution 
they are known as the hydrohalic acids. Hy- 
drofluoric acid isa weak electrolyte. The others 
are strong electrolytes. All of the hydrogen 
halides fume in moist air because they dissolve 
in the moisture of the air and condense as drop- 
lets of acid solution. Table XX XII summarizes 
the physical properties of the dry hydrogen 
halides. 

The dry halogen halides are relatively inert, 
but in the presence of even a trace of water they 
take on their acid characteristics and become 
vigorously active. Hydrofluoric acid attacks 
glass and all silicate. material like porcelain. 
Therefore it must be stored in wax or lead-lined 
bottles. Hydrochloric acid undergoes all the 
typical acid reactions with metals and bases. 
Hydrobromic and hydriodic acids are typical 
strong acids and are also good reducing agents. 

When a fluoride or chloride salt is treated 
with concentrated sulfuric acid, the more vol- 
atile hydrogen halide is formed and passed from 
the reaction chamber. Typical reactions are: 

CaF, + HSO, = 2 HF + CaSO, 
2 NaCl + HSO, = 2 НСІ + Na2SO,. 


However, when bromides or iodides are so 
treated, they are oxidized by the sulfuric acid 
completely to the free halogens. The reactions 
are: 


Hydrogen 
Chloride 
36.5 81 
1500° 
0.00163 
51.4° 
81.6 atm 
me pie 
mi. 


Hydrogen 
Bromide 


Hydrogen 
lodide 
128 
180° 
0.0058 
151° 
82 айп 
P 
SHO 


800° 
0.00365 

90° 
84 atm 
—67° 
06:95 


2 NaBr + H5SO, = Вг, + SO; + 2 NaOH 
2 Nal + H2SO, = 1, + 50, + 2 NaOH. 
Therefore, hydrobromic and hydriodic acids 
must be prepared by an alternative method. 
The most common method of preparing these 
acids involves first reacting the halogen with 
phosphorus to form a phosphorus trihalide, 
which then reacts with water to produce the 
acid. For bromine, the reactions are: 
2P+ 3 Bre = 2 PBr; 
PBrz + 3 H:O = 3 HBr + HPO}. 

The preparation of hydriodic acid would pro- 
ceed similarly. 

The principal use of hydrofluoric acid is in 
the etching of glass. The area to be etched is 
first covered with paraffin, which does not react 
with HF, and the marks or design to be applied 
is then scratched through the paraffin. The glass 
is then dipped into the hydrofluoric acid solu- 
tion, washed, and the paraffin is removed. The 
glass in electric light bulbs is “frosted” by treat- 
ment with this acid. 

Hydrochloric acid, known commercially as 
muriatic acid, is one of the most widely used 
acids. It is essential in the manufacture of tex- 
tiles, glucose, soap, glue, dyes, and many other 
chemical substances. It is valuable in removing 
scale from the surface of metals, and dilute 
solutions of it are used in a variety of cleaning 
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processes such as the cleaning of mortar from 
brick or stone walls. 

Hydrobromic acid is used in the preparation 
of bromides and other chemicals. FTydriodic 
acid is used both in the preparation of many 
organic chemicals and as a reducing agent. 

Hypochlorous Acid. When chlorine gas is 
dissolved in water, the resulting solution is 
known as chlorine water. A chemical reaction 
actually takes place as chlorine dissolves. It is: 


Cl. + Н.О = HCI + НОСІ. 
The compound HOCI is called hypochlorous 


acid. It is a strong oxidizing agent. It is this com- 
pound which is responsible for both the bleach- 
ing and the disinfecting action of chlorine 
water, and consequently HOCI, must be pres- 
ent during the bleaching process, for dry 
chlorine does not bleach fabrics. Incidentally, 
it is the formation of the acids, HC] and HOCI, 
which makes chlorine unsuitable as a bleach for 
silk or wool, for the acids destroy these fabrics. 

Hypochlorous acid is a weak electrolyte, so 
its salts such as sodium hypochlorite, NaOCl, 
and calcium hypochlorite, Са(ОС1)„, hydro- 
lyze in water solution to form molecules of the 
acid. Consequently, solutions of these salts are 
effective bleaching agents. Household bleaches 
such as Chlorox and Purex are about 5% solu- 
tions of sodium hypochlorite. The oxidizing 
powers of hypochlorous acid in these solutions 
cause the germicidal and disinfecting properties 
of these solutions. Calcium hypochlorite, sold 
under the trade name of “HTH” (High Test 
Hypochlorite), is used to disinfect drinking 
water on ships and water in swimming pools. 
A related compound, bleaching powder, 
ОООО ТУСТ), is an” effective bleaching 
agent. It is prepared by passing chlorine gas 
over moist slaked lime (calcium hydroxide): 


Са(ОН): + Cl; = Ca(OCI)CI + Н.О. 
This compound is also known as chloride of 
lime. 
Hypochlorous acid solutions and solutions of 
hypochlorites are stored in brown bottles, 
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preferrably in the dark, to avoid decomposition 
of the acid by sunlight. In direct sunlight, the 
acid decomposes: 


2 HOC! = 2 HCI + О» 


Problem Set No. 15 


1. Would you expect the halogen astatine, atomic 
number 85, to be vigorously active chemically 
or relatively inert? 

2. Write a balanced equation for the electrolysis 
of КНЕ». 

3. It is often stated that hydrofluoric acid is much 
“stronger” than hydrochloric acid because it at- 
tacks glass. How would you discuss this matter? 

4. What would the anode and cathode products be 
in the electrolysis of a solution of sodium bro- 
mide, NaBr? 

5. Some synthetic fibres turn yellow when treated 
with chlorine bleaches. What would you suspect. 
as the cause of this? 


SUMMARY 


The halogens are the elements in Group 
УП in the Periodic Table. They are all active 
chemically, but decrease in activity as one pro- 
ceeds down through the group. 

The more active an element, the more 
stable will be its compounds. 

The activity series of non-metals in order 
of decreasing activity includes: F, Cl, Br, О, I, 
5 

The halogens are too active to occur free in 
Nature, but their compounds are abundant and 
widely distributed. 

The halogens are prepared by oxidizing 
them, either electrically or by oxidizing agents, 
from their compounds. 

The halogens are very poisonous. 

The hydrogen halides are covalent com- 
pounds when perfectly dry, and relatively 
inert. They dissolve even in traces of water to 
become ionic hydrohalic acids which are 
vigorously active. These compounds are like- 
wise very poisonous. 

The bleaching action of chlorine and its 
compounds is a result of the formation of 
hypochlorous acid in water. 


CHAPTER 14 


THE SULFUR FAMILY 


The elements below oxygen in Group VI of 
the Periodic Table are usually called the sulfur 
family of elements. Of the four, sulfur, sele- 
nium, tellurium, and polonium, sulfur is by far 
the most abundant and most important. All of 
these elements have six electrons in the outer- 
most shell. 

The primary value of studying this group of 
elements as a family is in gaining an understand- 
ing of a change in the type of element en- 
countered as we proceed down through the 
members of this group. You will recall that the 
halogens were all non-metals, but that their 
activity decreases as we proceeded downward 
through Group VII of the Periodic Table. In 
a sense, the halogens became less non-metallic 
as the atomic weight increased. The steel-gray 
color of solid iodine gives it a definite metallic 
appearance. In the sulfur family, where the 
number of electrons in the outermost shell is 
less than in the case of the halogens, this transi- 
tion from non-metallic to metallic characteris- 
tics is even more pronounced. Sulfur is a defi- 
nite non-metal, although it does show positive 
valence numbers in many of its compounds just 
as metals do. Selenium and tellurium, in both 
appearance and properties, have many metallic 
characteristics. They are often referred to as 
metalloids because they are so much like 
metals. Polonium, a very rare radioactive ele- 
ment, is definitely metallic in its properties and 
behavior. 

From a chemical point of view, it is the na- 
ture of a non-metal to gain electrons in its re- 
actions, and substances which behave in that 
manner are behaving as non-metals. Substances 
which lose electrons in their reactions are be- 
having as metals. 


OCCURRENCE: Sulfur. Since sulfur is one of 
the least active non-metals at ordinary tempera- 
tures, vast amounts of it occur free in Nature, 


particularly in the underground beds of Texas 
and Louisiana. Impure sulfur is also found in the 
volcanic regions of Mexico, Japan and Sicily. 
Chemically combined, sulfur 1s found as: 


(a) Sulfide ores: FeS,, Cus, POS ОШ 
90252, and BiS}. 

(b) Sulfate ores: CaSO,, SrSO,, and BaSO,. 

(c) In organic plant and animal life, particu- 
larly substances possessing strong odors 
and tastes like garlic, onions, horse 
radish, mustard, and eggs. 

(d) In petroleum. 


Selenium and Tellurium. Both of these ele- 
ments are usually found as impurities in deposits 
of chemically combined sulfur ores. For ex- 
ample, sulfide ores of copper and lead may be 
accompanied by small amounts of selenide or 
telluride compounds such as PbSe, Cu;Se, or 
PbTe. Tellurium is most commonly associated 
with bismuth as Bi; Гез. Selenium is more abun- 
dant than tellurium. 

Polonium is very rare and may be found in 
association with other radioactive elements in 


pitchblende. 


PREPARATION: Free sulfur is obtained from the 
underground deposits by the Frasch Process. 
Figure 36 illustrates the concentric pipes in- 
serted into drillings down into the sulfur beds 
in this process. The steam and hot water in the 
outer pipe melts the sulfur below, and the hot 
compressed air forced down through the inside 
pipe provides the pressure to force the molten 
sulfur up through the middle pipe. Since the 
outer and inner pipes are hot, the molten sulfur 
is kept in the liquid state until it is caused to flow 
into huge vats where it cools and solidifies. This 
sulfur is so pure that it needs no further refining 
for most uses. 

Selenium, and some tellurium, forms one of 
the principal components of the anode slime 
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Fig. 36. The Frasch Process 


during the electrolytic refining of copper in a 
copper sulfate solution. Selenides which form 
some of the impurities in the copper metal being 
refined deposit as free selenium on the anode. 

Tellurium, in addition, is usually found with 
bismuth ores. After the bismuth has been re- 
moved, the telluride residue is dissolved in HCl 
solution and then treated with sodium sulfite, 
Na,SO,, solution which oxidizes any telluride 


these elements are solid at room temperature, 


| t $ | 
v S and all are very brittle, Sulfur forms molecules 
P Ак нот of the formula Ss, while selenium and tellurium 
ee WATER form endiess chain molecules. Like oxygen, 


they all have various allotropic forms. Sulfur 
has three, rhombic sulfur, which is stable at 
room temperature; monoclinic sulfur, which 
is stable between 95.6° С. and the melting 
point of sulfur; and amorphus sulfur, a plas- 
tic rubbery form which is obtained by pouring 
molten sulfur heated almost to the boiling point 
into water. All forms slowly revert to the 
rhombic form when allowed to stand at room 
temperature. Selenium has two principal allo- 
tropic forms: red selenium, which is amor- 
phus and soluble in carbon disulfide; and gray 
selenium, which is metallic in appearance and 
insoluble in carbon disulfide. Tellurium also has 
two principal allotropic forms: crystalline 
tellurium, which is silver white and com- 
pletely metallic; and amorphus tellurium, 
which is a brownish-black powder. 


Table XXXIII 


Physical Properties of the 
Sulfur Family 


Property 


Sulfur 


Atomic Number 16 
Atomic Weight 32 
Color Yellow 


2.06 
М5 
FPG 


Density, g/cc 

Melting Point, °C. 
Boiling Point, °C. 
Electrical Conductivity 


Very poor 


Selenium 


34 

79.2 

Red to 
lead-gray 

4.28 

217 

688 

Poor in dark, 


Good in light 


Tellurium 


52 
IEIS 
Black to 
silver white 
6.31 
452 
1390 
Good 
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CHEMICAL PROPERTIES: All of the elements in 
the sulfur family burn when heated in air or 
oxygen with a blue flame to produce the cor- 
responding dioxide: 50}, SeO,, or ТеО,. All 
other chemical properties are approximately 
similar among these elements, although the ac- 
tivity decreases slightly as the atomic weight 
increases. Thus, the chemical properties of sul- 
fur serve to illustrate the properties of all the 
members of this family. These properties may 
be summarized as follows: 


1. Sulfur combines with metals when heated 
to form sulfides: 


Zn+S=ZnS (Zinc sulfide). 
Selenides and tellurides are similarly 
formed. 


2. Sulfides react with hydrochloric acid to 
form hydrogen sulfide: 


ZnS + 2 НСІ = ZnCl. + HS. 


Hydrogen selenide and hydrogen tel- 
luride are similarly formed. All three of 
these compounds are poisonous gases and 
in solution they are very weak electro- 
lytes. Their solutions are slightly acidic. 

3. Sulfur dioxide dissolves in water to form 
sulfurous acid: 


50, == HO = EI28905. 


Selenious and tellurous acids are similarly 
formed. All three of these acids are weak 
electrolytes. All of them are easily oxi- 
dized to form sulfuric acid, H;SO,, se- 
lenic acid, H,SeO,, and telluric acid, 
Н,ТеО,, respectively. 


uses: Sulfur is used as a starting point in many 
important processes. It is used to make sulfur 
dioxide, sulfuric acid, matches, black gun- 
powder, insecticides, and many organic com- 
pounds such as the sulfa drugs. It is used in 
great quantities by the rubber industries in vul- 
canizing the rubber. In this process, sulfur is 
added to rubber with heat and causes it to be 
remarkably stable to temperature changes and 
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greatly increases the wearing properties of the 
rubber. 

Selenium is used in making red glass and 
enamels, and its peculiar electrical conductivity 
properties make it valuable in various types of 
exposure meters and switches for automatically 
turning lights on or off. Tellurium is some- 
times alloyed with lead to increase its tensile 
strength. 


IMPORTANT COMPOUNDs: Hydrogen Sulfide, 
H.S. Hydrogen sulfide is a colorless gas at 
room temperature with the characteristic foul 
odor of rotten eggs. This gas is extremely 
poisonous. One volume of it in 200 volumes 
of air can be fatal when breathed for a period of 
time. Its preparation by treating sulfides with 
hydrochloric acid has previously been men- 
tioned, Its principal use is in analytical chemis- 
try where it is employed to separate mixtures 
of metallic ions. 


Sulfur Dioxide, SO,. Sulfur dioxide 15 com- 
mercially very important. It may be prepared: 


a. By burning sulfur in air: 
5 + Os = SO». 


b. By heating sulfide ores in air. This process 
is known as roasting. 


2 ZnS + 3 О = 2 ZnO + 2 50». 


Roasting not only produces the valuable sulfur 
dioxide which is collected in the roasting furn- 
aces, but by converting the metallic ore to the 
oxide, it facilitates the extraction of the free 
metal from the ore. 

c. By the action of strong acids on sulfites. 
This is the usual method of preparing SO, in 
the laboratory. 


М№а,50; +2 HCl E NaCl SF Н.О + SOs. 


Sulfur dioxide 15 a colorless gas at room tem- 
perature with a strong pungent odor. When 
dry it is relatively inert. It neither burns nor 
supports combustion. In the presence of cata- 
lysts it will combine with oxygen to form an- 
other gas, sulfur trioxide: 
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Both of these oxides of sulfur are acid anhy- 
drides, combining with water as they dissolve in 
it to form acids: 


SO: == Н.О == H.SO; 
SO; us Н.О = H.SO, 


The most important use of sulfur dioxide is as 
a starting point in the manufacture of sul- 
furic acid. But it also has many other uses. 
When it is liquified under pressure, it is a valu- 
able solvent used particularly in the refining of 
lubricating oils, It is still used to some extent as 
a refrigerant, but freon is generally replacing 
it for this purpose. Its water solutions (sul- 
furous acid) may be used as a bleaching agent 
for straw, wool, silk, sponges, and other sub- 
stances which would be injured by chlorine. 
These solutions are also used to preserve some 
types of food. Salts of sulfurous acid (sulfites) 
are used in the manufacture of paper from 
wood pulp and in the production of the im- 
portant photographic fixing agent hypo, which 
is sodium thiosulfate: 

NaSO; + S = Na2S2Qs3. 


EXPERIMENT 27: Sodium thiosulfate is an important 
reducing agent. This may be observed as follows. 
Obtain a small package of “hypo” crystals from your 
photographic supply dealer. A solution will also do. 
Prepare the blue starch-iodine complex exactly as in 
Experiment 26. To the blue solution, add a few crys- 
tals (or drops) of sodium thiosulfate. Stir. The blue 
color will disappear because the iodine has been re- 
duced to iodide ion, which does not combine with 
starch. This reduction has extensive application in 
analytical chemistry. 


Sulfuric Acid, H,SO,. Sulfuric acid is the 
most important acid used in chemistry. It is 


generally prepared by one of two major proc- 
esses. 


(sulfurous acid) 


(sulfuric acid). 


a. The Lead Chamber Process. Steam, 
oxygen from air, sulfur dioxide, and oxides of 
nitrogen which serve as catalysts are introduced 
into lead-lined chambers where the following 
overall reaction takes place: 
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2 H:O + O: + 2 SO, = 2 HS0.. 

A coating of lead sulfate forms on the lead lin- 
ings of the chambers and protects the metal 
from further attack from the acid. The acid 
produced by this process is relatively dilute, 
but is adequate for a large number of commer- 
cial processes. 

b. The Contact Process. Filtered and 
washed sulfur dioxide and air are passed over a 
catalyst of finely divided platinum or vanadium 


pentoxide, V;O,, at about 400° C. Sulfur tri- 
oxide is formed: 


2 SO, SP O= 2 SOs. 


This gas is then absorbed in concentrated sul- 
furic acid, forming fuming sulfuric acid, or 
oleum: 


SO; ЕЕ HSO, = H2S20 7. 
Water is then added: 
H2S.0; + Н.О == 0 H5SO,. 


The product marketed from the contact 
process has a concentration of about 98%. Con- 
centrated sulfuric acid is a thick, syrupy liquid 
that boils at 338° C. and has a specific gravity 
of 1.84. It is miscible with water in all propor- 
tons. When mixed with water, tremendous 
amounts of heat are liberated. If a small amount 
of water is dropped into concentrated sulfuric 
acid, the heat liberated will be sufficient to boil 
the water and thus cause the acid to be vigor- 
ously spattered out of the container. This is 
most dangerous. Therefore, when concen- 
trated sulfuric acid is to be diluted, SMALL 
AMOUNTS OF THE ACID ARE ADDED TO 
THE WATER WITH CONSTANT STIRRING 
to dissipate the heat produced. 

Chemically, sulfuric acid is both an acid and 
an oxidizing agent. In dilute solution, it is a 
strong acid, slightly less active than hydrochlo- 
ric and nitric acids. It reacts with metals above 
hydrogen in the Activity series of metals to 
liberate hydrogen, and it neutralizes bases. Con- 
centrated sulfuric acid oxidizes both metals and 
non-metals, forming sulfates and liberating 
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SO,. Concentrated sulfuric acid is also an im- 
portant dehydrating agent or dessicant. 
Sulfuric acid, known commercially as oil of 
vitriol, is possibly the most important chemical 
substance in industry. It is used in the manu- 
facture of hydrochloric and nitric acids: 


2 NaCl + H2SO,4 = NasSO, + 2 HCL 
2 NaNO; + H2SO, = Na;SO, + 2 HNOs. 


It is likewise used in the manufacture of a host 
of other chemical substances, in the production 
of phosphate fertilizers, as an oxidizing agent in 
the refining of petroleum, as an electrolyte in 
storage batteries, as a bath in electroplating, in 
the production of explosives, dyes, drugs, syn- 
thetic flavors, and paint pigments. 


Problem Set No. 16 


1. What are the formulas of the following com- 
pounds: 


(a) Zinc telluride. (c) Selenic acid. 
(b) Hydrogen selenide. (d) Sodium thiosulfate. 


2. Write the balanced equations for the preparation 
of hydrogen telluride from zinc, tellurium, and 
hydrochloric acid. 

. What is meant by “allotropic forms" of elements? 

4. Which of the following acids are strong and 

which are weak? 


(a) Sulfurous, H;SO;. 
(b) Sulfuric, H;SO,. 
(c) Selenius, H;SeO;. (f) Telluric, H2TeO,. 

5, Which substance is oxidized and which is reduced 
in the following reactions? 


Ww 


(d) Selenic, H;SeO,. 


(e) Tellurous, H2TeO;. 
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(a) S = О, = SO,. (c) NaSO; +S= NaeS2Os. 
(b) 2 HS0; SF О, =) HSO, 


SUMMARY 


The Sulfur Family is composed of the ele- 
ments below oxygen in Group VI of the 
Periodic Table. These elements are less active 
than the halogens and become more metallic 
as the atomic weight increases. 

Sulfur is by far the most abundant and most 
important member of this family. The other 
members in order of decreasing abundance are 
selenium, tellurium, and polonium. 

Sulfur occurs free in Nature as well as chemi- 
cally combined and is extracted from the 
underground beds by the Frasch Process. 

All of these elements have several allotropic 
forms. 

Hydrogen sulfide is an extremely poison- 
ous gas. 

Sulfur dioxide is prepared commercially by 
burning sulfur or by roasting sulfide ores. Its 
principal use is in the manufacture of sulfuric 
acid. 

Sulfuric acid is the most important manu- 
factured chemical substance. Relatively impure 
sulfuric acid is made in the Lead Chamber 
Process. Pure sulfuric acid is made in the Con- 
tact process. Safety dictates that WATER 
SHOULD NEVER BE ADDED TO CONCEN- 
TRATED SULFURIC ACID. 


T 


CHAPTER 15 


THE PHOSPHORUS FAMILY 


The elements below nitrogen in Group V 
of the Periodic Table are known as the phos- 
phorus family of elements. All of the elements 
in this group have 5 electrons in the outermost 
shell, and therefore, the most common valence 
numbers exhibited by members of this family 
are +3 and —5. Phosphorus is the only definite 
non-metal in the group. Arsenic is a metalloid. 
Antimony and bismuth are definite metals. 


OCCURRENCE. Phosphorus is too active to be 
found free in Nature. Practically all of it is 
found combined with oxygen in the phosphate 
ion, РО, “its principal ores, phosphorite and 
apatite, contain calcium phosphate, Cas (PO,);. 
Phosphorus is also an essential constituent of 
bones, teeth, muscle, brain, and nerve tissue. 
The phosphorus in the body needs to be re- 
newed continuously, so such foods as eggs, 
beans, fish, milk and whole wheat which con- 
tain phosphorus are necessary in the diet. Plants 
likewise require phosphorus in their tissue. 
They absorb phosphate from the soil, and when 
deficiencies of this vital material occur, phos- 
phate fertilizers must be used. 

Small amounts of Arsenic are found free in 
Nature, but normally arsenic is found as the 
sulfide, As,S,, in the mineral realgar. Anti- 
mony likewise occurs as the sulfide in the min- 
eral stibnite, Sb;S,, the largest known deposits 
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Fig. 37. Preparation of Prosphorus 


of which are in the Hunan Province of China. 
Bismuth is the least abundant of the group and 
15 found as the sulfide, Bi S}, the telluride, 
Bi, Tes, or as the oxide, Bi,O;, as an impurity 
in lead, tin, and copper ores. 


PREPARATION. Phosphorus is obtained by 
heating a mixture of calcium phosphate, sand, 
and coke to a high temperature, usually in an 
electric furnaces (Bee Eig 73 7.9 Whe! overall 
reaction is: 
Саз(РО„)» + 3 SiO; + 5 C = 3 CaSiO; + 
5 CORE 7 P: 

The volatile phosphorus distills off and is con- 
densed under water to protect it from oxida- 
tion. 

Arsenic and Antimony are obtained from 
sulfide ores by first roasting the ore to the oxides 
and then reducing the oxides by heating with 
carbon. The reactions for arsenic are: 


2 As2S3 + 9 O; = 2 АѕОз + 6 SOa 
AseOz + 3 C = 3 СО + 2 As. 


The reactions for antimony are similar. Anti- 
mony may also be obtained by the direct reduc- 
tion of its sulfide by iron: 


59 + 3 Fe = 3 FeS + 2 Sb. 


Bismuth is most commonly obtained as an 
anode by-product in the electrolytic refining 
of lead. It may also be reduced from its oxide 
ore by heating with carbon in a sloping fur- 
nace: 

ВІО + 3 C = 3 CO +2 Bi. 
The molten bismuth then flows from the fur- 
nace into molds. 
PHYSICAL PROPERTIES. Table XXXIV sum- 
marizes the physical properties of the members 
of the phosphorus family. 

Phosphorus exhibits two principal allotropic 
forms, white and red phosphorus. White phos- 
phorus is a soft, waxy, translucent solid which 
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Physical Properties of the 
Phosphorus Family 
Property Phosphorus Arsenic Antimony Bismuth 
Atomic Number 15 33 51 83 
Atomic Weight 31 75 12 209 
Electronic structure 2.81.5 28), ТӨ 25 8 1850855 218.002, 15,5 
Density, g/cc 1.8 8.7 6.7 9.8 
Melting Point, °C. 44.] sublimes 630 270 
Boiling Point, °C. 280 — 1380 1470 
Color White Gray Silver-white Silver-white 


becomes brittle at 5.5° C. It is crystalline, in- 
soluble in water, but very soluble in carbon 
disulfide. It is extremely poisonous. It must be 
stored under water because when it is exposed 
to atmospheric oxygen for a few moments, it 
catches fire spontaneously. In the presence of 
light, it becomes yellow as a result of the forma- 
tion of a film of red phosphorus on its surface. 
Its molecular formula is P,. Red phosphorus 
is formed by heating white phosphorus in the 
absence of air at about 250°. It is usually con- 
sidered amorphus, but it is really a mixture of 
several other crystalline allotropic forms of 
phosphorus. It is insoluble in both water and 
carbon disulfide, and it is not poisonous. It is 
safe to handle because it does not burn spon- 
taneously at room temperature. 

Arsenic has several allotropic forms, the most 
common being a gray crystalline form with a 
metallic appearance. It is very poisonous. It 
cannot be eliminated by the body, so if small 
quantities are taken internally, the arsenic will 
accumulate until a fatal dose is developed. 

Both antimony and bismuth are brittle, crys- 
talline, metallic solids. Both have the property 
of expanding on solidification just as ice does. 


CHEMICAL PROPERTIES. All of these elements 
combine with oxygen to form oxides. All form 
the trioxide when burned with a limited amount 


Table XXXIV 
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of oxygen, and all except bismuth form the 
pentoxide when burned in excess oxygen. For 
antimony the equations are: 


4 Sb + 3 Os = Sb203. 
4 Sb +5 Os =? $Sb40,. 


The oxides of phosphorus, arsenic, and anti- 
mony combine with water to form acids. The 
acidity of these compounds decreases rapidly 
with increased atomic weight of the element. 
Bismuth trioxide combines with water to form 
a base, bismuth hydroxide. All of these com- 
pounds are weak electrolytes. Typical reactions 
are: 

P20; + 3 Н.О = 2 HPO, (Phosphorous acid) 

P.O; + 3 Н,О = 2 HPO, (Phosphoric acid) 

Bi;O; + 3 HzO = 2 Bi(OH), (Bismuth hydroxide). 


Arsenous, arsenic, antimonous, and antimonic 
acids are formed in the same manner as phos- 
phorous and phosphoric acids. (Note the dif- 
ference in spelling between phosphorous acid 
and the element phosphorus.) 

All of these elements combine with hydro- 
gen forming gases similar to ammonia, but 
which are extremely poisonous and which 
possess increasingly repulsive garlic-like odors. 
These compounds are: arsine (AsH;), phos- 
phine (PH;), subine (SbH;) and bismuth hy- 
dride (BiH,). 
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uses: Most phosphorus is used in making 
matches. Red phosphorus is used directly, and 
white phosphorus is used in making tetraphos- 
phorus trisulfide, P,S,, which has replaced 
white phosphorus in the striking tips of 
matches. White phosphorus is also used їп some 
types of rat poisons, and in the manufacture of 
military incendiary grenades and bombs. Ar- 
senic is used in many insecticides such as paris 
green (copper arsenite-acetate, 3Cu(AsO;)s 
Cu(C,H,0,).) and lead arsenate, Pb, (AsO,)>. 
These are especially effective against leaf-eat- 
ing insects. It is used in some drugs, improves 
the quality of brass, and when alloyed with 
lead, hardens it for use in shot. Antimony is an 
important ingredient in type and Babbitt (bear- 
ing) metal. Alloys containing this element ex- 
pand on solidifying and thus form sharp cast- 
ings. Bismuth 15 used chiefly in making 
low-melting alloys for use in fuses, sprinkling 
systems, and fire alarms, Some bismuth com- 
pounds are used in drugs. 


PRINCIPAL COMPOUNDS: Phosphates. The 
phosphates of sodium and calcium are by far 
the most important compounds of this family. 
Tricalcium phosphate, Ca; (PO,);, present in 
phosphate minerals and rock, is not suitable as a 
fertilizer because it is so insoluble. However, 
this compound is converted to the much more 
soluble mono-calcium phosphate bya treatment 
with sulfuric acid: 
Caz(PO,4)2 + Н,50, = 
2 CaSQ,. 
The mixture of mono-calcium phosphate and 
calcium sulfate so formed is marketed as "super- 
phosphate" fertilizer. 
Sodium forms a series of "ortho-phosphates" 
when sodium hydroxide neutralizes a solution 
of phosphoric acid. 


Ca(H;PO,) + 
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NaOH + H;PO, = Н,О + NaH;PO,. 


(Monosodium phosphate) 
2 NaOH + H;PO, = 2 НО + Ма„НРО,. 
(Disodium phosphate) 


3 NaOH == H;PO, =» HO ns МазРО,. 
(Trisodium phosphate) 


Monosodium phosphate is a source of hydro- 
gen ions in solution, and this acidic characteris- 
tic makes it a valuable ingredient in baking 
powders. Disodium phosphate is used in 
boilers of ships to soften the boilerwater by 
precipitating calcium and magnesium. Tri- 
sodium phosphate hydrolyzes extensively to 
produce an alkaline solution which attacks 
grease, and thus is used as a cleansing agent. It 
is also used to soften water because it precipi- 
tates calcium for solution. 

Sulfides. The use of tetraphosphorus tri- 
sulfide in matches has been pointed out. The 
sulfides of the other members of this family 
are important pigments. Arsenic trisulfide, 
As2S3, is yellow; antimony trisulfide, Sb;S;, 
is red; and bismuth trisulfide, Di,S,, is black. 


Problem Set No. 17 


1. Fish has been described as “brain food.” Why? 

2. Write the balanced equations for the preparation 
of antimony from stibnite by roasting and reduc- 
tion with coke. 

3. Write balanced equations for the preparation of 
arsenic acid, Н:АѕО,, from arsenic, oxygen, and 
water. 

4. What are the formulas of the following com- 
pounds? 


(a) Arsenous acid. (c) Antimonic acid. 


(b) Antimonous acid. 


5. Baking powders contain sodium bicarbonate, 
NaHCO,, and monosodium phosphate, NaH;PO,. 
Explain the role of these compounds in the bak- 
ing process. 


CHAPTER 16 


CARBON, SILICON, AND BORON 


Carbon, silicon, and boron are the remaining 
non-metals among the elements. Carbon and 
silicon are the first two elements in Group [V 
of the Periodic Table, and have four electrons 
in their outermost shell. Boron is the first ele- 
ment in Group III of the Periodic Table and 
has three electrons in its outermost shell, there- 
by making it the only non-metal possessing less 
than four electrons in the outermost shell. 


OCCURRENCE. Although Silicon is far less fami- 
liar than many of the elements, it is second only 
to oxygen in abundance. [t makes up about 
25% of the weight of the crust of the earth, 
with about 70% of the entire land mass con- 
sisting of silicon-bearing rocks. Silicon never 
occurs free, but is always combined with oxy- 
gen. There are two principal kinds of siliceous 
substances. These are: 

1. The compound, silicon dioxide, SiO;. 
This compound is found in many forms such 
as quartz, ordinary sand, sandstone, flint, agate, 
and the semi-precious stone amethyst. 

2. Silicate rocks. A tremendous variety of 
silicate rocks exist in which metallic ions are 
combined with a vast number of different sili- 
cate ions, each containing different proportions 
of silicon and oxygen. These rocks vary from 
extremely hard substances like garnet to very 
soft substances like asbestos. Other silicate 
materials are clay, mica, talc, zircon, beryl, 
feldspar, ultramarine, and zeolite, all of which 
have commercial importance. 

Although Carbon is much less abundant than 
many elements, it is one of the most readily 
available elements. It is found free as the mineral 
graphite and as diamonds. Carbon is an essen- 
tial constituent of all plant and animal life. 
Coal is formed by the gradual decay of plant 
life, being enriched in carbon as a result of the 
loss of volatile substances like carbon dioxide 


and methane, CH,, during the decay process. 
The formation of coal proceeds in the follow- 
Ing Steps: 

Bituminous 


Dry plant Dry or Anthracite or 
Matter Peat —Lignite —Soft Coal — Hard Coal 


44% C 50% C 57% C 7899 C — 8195 C 

Petroleum and Natural Gas contain com- 
pounds of carbon and hydrogen called hydro- 
carbons. These compounds and their deriva- 


| tives are so numerous that a special field of 


chemistry, organic chemistry, is devoted to a 
study of them. Carbon is also found as carbon 
dioxide in the atmosphere, and as carbonate 
rock, the most important of which is lime- 
stone, CaCO,. 

Boron is relatively rare. It 1s never found 
free, but, like silicon, is always found combined 
with oxygen in borates. The most important 
source of it is borax, sodium tetraborate, 
Na;B,O.10H;O. This compound is found in 
the desert regions of California. Another com- 
pound, boric acid, H;BO,, is found in the vol- 
canic regions of Italy. 


PREPARATION. Both Silicon and Boron are 
relatively difficult to obtain in the free state. 
Both may be prepared either in the laboratory 
or commercially by the action of powerful re- 
ducing agents on their oxides at high tempera- 
ture. Equations are: 

SiO, +2 C=2 СО + Si 
SiO + 2 Mg = 2 MgO + Si 
В.О, + 3 Mg = 3 MgO + 2B. 

The various common forms of Carbon are 
obtained as follows. Graphite in massive crys- 
tals is mined, or 1s obtained by heating coke and 
pitch in furnaces to very high temperatures. 
Volatiles are driven off and large graphite crys- 
tals grow in the furnace. Charcoal, which con- 
sists of tiny graphite crystals, is prepared by the 
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destructive distillation of wood, which 
means that wood is heated in the absence of air 
to decompose all the complex carbon com- 
pounds in the wood, forming volatile sub- 
stances and leaving a residue of carbon. The 
volatiles here include wood alcohol, acetic 
acid, acetone, turpentine (from pine), and 
many other valuable by-products. Bone black, 
also consisting of tiny graphite crystals, is pre- 
pared by the destructive distillation of bones 
and other packing house wastes. Coke, which 
contains 90—95 % graphitic carbon, is made by 
the destructive distillation of soft coal in huge 
coke ovens. Coal tar and ammonia are valuable 
by-products from these ovens. Carbon black, 
or lamp black, is made by burning a hydro- 
carbon fuel, like natural gas, in a very limited 
supply of air. The sooty flame strikes a cold 
surface depositing graphitic carbon which is 
then scraped off. Diamonds are mined. Gem 
diamonds are obtained from South Africa, and 
commercial stones for cutting tools are ob- 
tained from South America. 


PHYSICAL PROPERTIES. The physical properties 
of these three elements are summarized in 


Table XXXV. 


Table XXXV 


Physical Properties of Carbon, 
Silicon, and Boron 


Property Boron | Carbon Silicon 


Atomic Number 5 6 14 
Atomic Weight 11 12 28 
Electronic 
Structure 
Melting Point, °C. 2300° 
Boiling Point, °C. 2550? 
Density, g/cc 23 


243 2,4 
3600? 
sublimes 


2.25-3.5 


2,8,4 
1420* 
2600? 
2.4 


Carbon has two allotropic forms, diamond 
and graphite. Diamond consists of transparent, 
octahedral (eight-sided) crystals which, when 
pure, are colorless. Impurities may change the 
color to range from pale blue to jet black. Dia- 
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mond is the hardest known substance, and is a 
poor conductor of heat and electricity. Its high 
refractive index is responsible for the brilliance, 
or "fire" that it exhibits. Graphite crystals are 
made up of layer after layer of sheets of carbon 
atoms. It is black in color. The layered structure 
of graphite makes it very soft, for the sheets 
slip easily over one another. Graphite is a good 
conductor of electricity. Both allotropic forms 
of carbon are insoluble in ordinary solvents. 
Both are soluble in molten iron to an extent of 
about 295. Such solutions, when solidified to 
room temperature are known as steel. 

Silicon occurs only as a crystalline solid, 
either as massive crystals or as a powder con- 
sisting of tiny crystals too small to be distin- 
guished with an optical microscope. It is quite 
hard and brittle. Boron has two allotropic 
forms, a crystalline variety and an amorphus 
form. Boron is very hard and brittle. 


CHEMICAL PROPERTIES. At ordinary tempera- 
tures, Carbon is quite inert. It will combine 
with oxygen at moderately high temperatures, 
either directly with elemental oxygen or with 
oxygen in oxides. This makes carbon an im- 
portant reducing agent, particularly for metal- 
lic oxides. At extremely high temperatures, 
those attained normally only in an electric fur- 
nace, carbon will react with other elements to 
form carbides. In all its compounds, carbon 
forms covalent bonds with other elements. 

Chemically, Boron is very much like carbon. 
It combines with oxygen only at moderately 
high temperatures and with other elements at 
extremely high temperatures. Its compounds 
are covalent. Silicon is somewhat more active 
than the others, being able to combine with the 
more powerful oxidizing agents and with 
strong bases at ordinary temperatures. The lat- 
ter reaction would be: 


Si + 2 OH- + Н.О = 2 Н, + 51Оз—-— (Silicate ion). 


uses. Free Carbon has a variety of important 
uses in each of its forms. Graphite is used as a 


134 


lubricant in dry sticks, suspended in water, or 
suspended in oil. Molded mixtures of clay and 
graphite form the "lead" used in pencils. 
Harder “leads” contain more clay. Graphite 
is used as the electrode in dry cells and in elec- 
tric arc furnaces. It is an important ingredient 
in stove polish and some paints. Charcoal is ex- 
tremely porous from the loss of volatiles, and 
has the property of absorbing vast quantities 
of gas onto its surface. Thus it has important 
uses in gas masks and in water purification. It is 
also an important decolorizer in the refining of 


sugar. It is a common fuel, and is the form of | 


carbon most often used in reducing some metal- 
lic ores. It is also used in the manufacture of 
gunpowder. Bone black is also an important 
decolorizer. Coke is essential in the reduction 
of iron from its ore. It is also an important fuel. 
Carbon black is used in the manufacture of car- 
bon paper, printer's ink, shoe polish, and paint. 
It is an important additive to rubber used in 
automobile tires. Diamonds are extensively 
used as abrasive material, in cutting and drill- 
ing tools, and in the preparation of gem dia- 
monds for jewelry. 

Silicon has few uses in the pure form. One is 
relatively new. Very thin wafers of this ele- 
ment are used in electronics equipment, partic- 
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ularly in small storage batteries which trans- 
form light energy from the sun into electrical 
energy and “store” it for subsequent use. Free 
Boron has no important uses. 


IMPORTANT COMPOUNDS: Oxides. Carbon has 
two important oxides. Carbon dioxide has 
been described in Chapter 12. Carbon mon- 
oxide, CO, is an important fuel gas. It is formed 
by heating metallic oxides with carbon: 

ZnO + C= Zn + CO. 


The gas is then collected and used as a fuel. It 
may also be prepared by steam over white hot 


coke: 
H:O + Cz Н, + CO. 


| The mixture of hydrogen and carbon monoxide 


is known as water gas, and is likewise an im- 
portant fue] mixture. In general, carbon mon- 
oxide is formed whenever carbon is burned in 
a limited supply of oxygen: 
2C + O2=2 CO. 
Carbon monoxide is a colorless, odorless, and 
tasteless gas. It is very poisonous. Breathing one 
volume of it mixed with 800 volumes of air 
for one half hour can be fatal. It burns with a 
blue flame to form carbon dioxide: 
2 CO + O; = 2 СО». 


It is an important ingredient in many fuel gas 


Table XXXVI 
Fuel Gases 


Manufacture 


H, 


Water gas 


Heating steam 
and coke 
Producer gas Heating steam, 
air, and coke 
Destructive dis- 
tillation of coal 
Gas wells 


Coal gas 


Natural gas 


Percentage Composition 


Heating 


Other 
Hydro- 
CH, carbons 


Value, 
CO, cal/ liter 


4.4 2,700 


6.8 А 1,600 
6,300 
10,500 
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mixtures. Taole XXXVI describes some of the 
important fuel gases. 

Silicon dioxide, SiO, is frequently referred 
to as Silica. It is one of the most abundant 
natural compounds. When molten silica is 
cooled, it does not crystallize, but instead slow- 
ly solidifies to a glass, a rigid, undercooled 
liquid with random arrangement of its atoms. 
This compound is thus the basic ingredient in 
the manufacture of various types of glasses. 
Other oxides may be added to silica to produce 
variation in the properties of glasses. Table 
XXXVII gives the composition of some com- 
mon glasses. 


Table XXXVII 
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num are heated with limetone to make Port- 
land cement. When soluble silicates are dis- 
| solved in dilute acid solutions a stiff jelly is 
| formed. When this jelly is dehydrated, silica 
| gel, a porus variety of silica, is obtained. This 
substance is an important dehumidifying agent 
in commercial air conditioning units and is used 
by the chemical industry as a catalyst. It like- 
wise is able to absorb gases like charcoal does, 
and thus is used to recover industrial vapor. 
Boric oxide, B,O;, prepared by dehydrat- 
ing boric acid by heat, is used as one of the im- 
portant additives in making chemical and ther- 
mal resistant glasses. Boric acid, H4BO,, is pre- 


Composition of Glasses 


Kind of Glass SiO, 
Window 70.6 L7 
Bottle 74 Е; 
Crown optical 74.6 9 
Borosilicate 

optical 
Light flint 


optical 
Heavy flint 

optical 
Pyrex chemical 

resistance 
Vycor low 


expansion 


DISo NaO KO. MeO СаО ZnOVUDbOUAOWEeO, 


0.1 
0 


0.8 
145 


UL 10 
3:8 5 


Silica, and glasses, are inert to all acids except | pared by heating an acidified solution of borax: 


hydrofluoric. However, basic substances attack 
silica, especially at elevated temperatures: 
SiO2 + 2 NaOH = H.O + Na,SiO; 
(sodium silicate). 

Sodium silicate is a glass which dissolves in 
water, and hence it is often called water glass. 
It is used in soaps, cleansers, in fireproofing, as 
an adhesive, and in preserving eggs. Other sili- 
cates form very important minerals, such as 
asbestos or mica, and silicates containing alumi- 


NaeB,O; + 2 HCl + 5 H20 = 2 NaCl + 
4 HBO}. 
This compound is a weak electrolyte and is 
only sparingly soluble in water. It is used as an 
eyewash and as an antiseptic. Borates, such as 
borax, hydrolyze to form mildly alkaline solu- 
tions. This causes borax to be a good cleansing 
agent. Because calcium and magnesium borates 
are insoluble, borax is a good water softening 
agent. It is also a mild antiseptic, it is a good 
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flux, and it is used by the glass industry as a 
source of boron. 
Halides. Carbon tetrachloride, CCL, is the 
most important halide of carbon. It is prepared 
indirectly because carbon and chlorine do not 
combine directly. Carbon and sulfur combine 
readily at high temperatures to form carbon 
disulfide: 
С+25= CS. 

This liquid is then treated with chlorine gas: 

CS; + 3 Cl; = SCl; + CCI. 


Carbon tetrachloride is then distilled from the 
sulfur monochloride, which is a valuable by- 
product used in the rubber industry. Carbon 
tetrachloride is a colorless, non-inflammable 
liquid which is an important industrial solvent, 
is used in "dry" cleaning clothes, and is an im- 
portant fire extinguisher. 

Silicon tetrafluoride, SiF,, and silicon tet- 
rachloride, SiCl,, fume in moist air. They are 
gases, and when mixed with ammonia are used 
in making smoke screens and for sky-writing. 

Boron trifluoride, BF,, isa gas and is a vital 
catalyst in the low temperature manufacture 
of synthetic rubber. 


Carbides. Calcium carbide, СаС,, is prepared 
by heating lime with coke in an electric fur- 


nace. 
CaO + 3 C = CO + СаС;. 


It reacts with water at room temperature to 
produce the important gas, acetylene, С,Н,. 
СаС, +2 H,O = Ca(OH): 4c C2H2. 

This gas 15 а very important starting material in 


the manufacture of a vast number of organic 
chemicals. It is also a valuable fuel in oxy-acety- 
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lene torches. Buoys marking sea lanes are 
charged with calcium carbide which reacts 
with sea water to produce the acetylene which 
is periodically ignited to provide flashing lights 
on these buoys. 

Iron carbide, Fe;C, is present in all steel and 
is responsible for the hardness and other prop- 
erties of steel. Silicon carbide, SiC, and tung- 
sten carbide, WC, are among the hardest 
known substances. They have important uses 
as abrasives and in cutting, grinding, and pol- 
ishing implements. 


Hydrogen Cyanide. Hydrogen cyanide, 
HCN, occurs in several plant products, par- 
ticularly peach kernels and laurel leaves. This 
compound is a most poisonous gas. It is a weak 
electrolyte, so cyanide salts hydrolize to pro- 
duce this gas. Sodium and potassium cyanides 
are used in solution as electroplating baths, and 
molten sodium cyanide is an important quench- 
ing medium in heat-treating steels. 


Problem Set No. 18 


1. What compound would be formed if carbon were 
burned: 


(a) In a limited supply of oxygen? 
(b) In an excess of oxygen? 

2. How would you account for the fact that pro- 
ducer gas has a lower heating value than water 
gas? 

3. How many different elements are present in ordi- 
nary window glass? 

4. Why is it advisable to caution children not to eat 
the kernel inside peach stones? 

5. How can the elimination of Carbon Dioxide by 
volatilization during the coal formation process 
cause the decaying plant matter to be enriched in 
carbon? 


CHAPTER 17 


THE ALKALI METALS 


METALS 

Of the 102 elements listed, 80 are metals. The 
rise of civilization is marked by man’s increased 
ability to utilize the remarkable properties of 
metals. Primitive Stone Age cultures advanced 
through the Bronze Age to the Iron and Steel 
Age as man discovered methods of winning 
pure metals from their ores. Only a few metals 
such as gold, silver, platinum, and copper oc- 
cur free in Nature. These are called noble met- 
als. Practically all of the metals are normally 
found chemically combined in mineral de- 
posits. A mineral deposit containing sufficient 
combined metal to make it economically pos- 
sible to extract the metal is called an ore. The 
rock material associated with the ore, usually 
silicate rock, is called gangue. 

The extraction of a metal from its ore usu- 
ally requires several steps. First the ore is con- 
centrated, most commonly by some flotation 
process. The crushed ore is placed in a bath 
containing a wetting agent, a liquid which 
selectively wets the ore but not the gangue, and 
a foaming agent, a solute which forms a stiff 


foam with the wetting agent on agitation. 
When the bath containing the ore is agitated 
the wetting agent carries the ore up into the 
foam, leaving the gangue unaffected at the bot- 
tom of the bath. By separating the ore-bearing 
foam from the rest of the bath, the ore is con- 
centrated. 

Then the metal is reduced from the ore by 
some suitable process. The extremely active 
metals must be reduced by electrolysis, where 
they deposit as the pure metal on the cathode 
of the electrolysis cell. Slightly less active 
metals may be liberated from their ores by the 
action of the very powerful reducing agents 
such as metallic aluminum. Metals like zinc, 
iron, and lead may be reduced from their oxides 
by carbon. If their ores are sulfides or carbon- 
ates, such ores are first roasted to the oxide 
prior to reduction with carbon. The least ac- 
tive metals may be precipitated from solu- 
tion by adding a more active metal to the so- 
lution. 

Table XX XVIII contrasts the general physi- 


cal properties of metals and non-metals. 


Table XXXVIII 
Physical Characteristics of Metals and Non-Metals 


Metals 
1. All except Hg are solids. 
2. Malleable and ductile solids. 
3. Good conductors. 
4. Shiny luster; good reflectors. 
5. Have only a few electrons in outermost 
shell. 
6. Lose electrons easily to form cations, 
7. Good reducing agents. 
8. Hydroxides are basic. 


Non-Metals 
1. At least half are gases. 
2. Brittle solids. 
3. Poor conductors. 
4. No luster; poor reflectors. 
5. Have many electrons in outermost 
shell. 
. Gain electrons to form anions. 
. Good oxidizing egents. 
8. Hydroxides are acidic. 


- ON 
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The chemical activity of the metals is sum- 
marized in the Activity Series of Metals in 
Table XXIV on page 98. 

Alloys are composed of two or more metals 
and have metallic characteristics. They are 
economically more important than pure met- 
als. They are usually formed by melting the 
metals together and permitting the mass to so- 
hdify. Amalgams are alloys of mercury. Cer- 
mets are "alloys" of ceramic silicate materials 
with metals. They combine the properties of 
ceramics and metals and are being used in high- 
temperature applications, such as in gas tur- 
bines, Jet aircraft parts, and in guided rockets, 
where the toughness of metals and the tem- 
perature resistance of ceramics are required in 
a single substance. 


THE ALKALI METALS 


The alkali metals are the elements of Group I 
of the Periodic Table. They are called alkali 
metals because their hydroxides are strongly 
alkaline, and because many of their salts hydro- 
lyze to form alkaline solutions. Sodium and po- 
tassium are the two most important members 
of this family. Lithium, rubidium, cesium, and 
the extremely rare francium are the other mem- 
bers of the group. All have but one electron in 
their outermost shell. They are extremely ac- 
tive chemically, for they readily give up this 


electron to form stable ionic compounds. 
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OCCURRENCE. Тһе alkali metals are much too 
active to be found free in Nature. Sodium and 
potassium rank 6th and 7th in the list of abun- 
dance of the elements. Sodium ion makes up 
about 1.14% of sea water. Sodium salts are 
also found in great abundance in desert regions, 
particularly as NaNO,, Na;SO,, Na;CO,, and 
Na,B,O;. Vast deposits of rock salt, NaCl, also 
exist. Many complex silicate rocks also contain 
sodium. Potassium makes up about 0.04% of 
sea water. It is found in vast beds of KCl and 
K;CO,. It is even more commonly found in 
complex silicate rocks than sodium. The other 
members of the family are quite rare and are 
normally found only in complex silicate rock 
or as impurities in sodium and potassium salt 


beds. 


METALLURGY. The alkali metals are almost al- 
ways prepared by the electrolysis of their fused 


| salts. The metals deposit on the cathode of the 


cell. In the Castner Process, fused sodium hy- 
droxide is the electrolyte used. (See Fig. 38.) 
The overall equation is: 


2 NaOH = H: + O: + 2 Na. 
Hy drogen is a cathode by-product and oxygen 


an anode by-product. Potassium and the other 
metals of this family are likewise obtained from 
their fused hydroxide. Fused sodium chloride 
is also used in preparing sodium, with chlorine 
being the anode by-product in this case. 


Table XX XIX 
Physical Properties of Alkali Metals 


Lithium Sodium 


Property 
Atomic Number 
Atomic Weight 


Electronic Struc- 
ture 

Melting Point, °С. 

Boiling Point, °C. 

Density, g/cc 


Rubidium Cesium 
37 


85.5 


Potassium 


19 
39 


55 
133 


2, 8$,,19, 18, 8,0 
26.0 

670 

1:9 


258.551 
62.7 
774 
0.86 


2,8, 18, 8, 1 
38.5 
700 
[55 
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Fig. 38. The Castner Cell for the 
Manufacture of Sodium 


PHYSICAL PROPERTIES. The physical properties 
of the alkali metals are summarized in Table 
XXXIX. 

All are very soft silvery metals. The softness 
increases with increased atomic weight. They 
are all excellent conductors of heat and elec- 
tricity. When exposed to light, these metals, 
particularly cesium, have the ability to emit 
electrons into an evacuated chamber. This 
makes these metals very useful in vacuum tubes 
and photoelectric cells. When these metals are 
sufficiently heated they can emit light radia- 
tion of characteristic color. These are: 


Li—red Na—yellow K—violet 


Rb—red Cs—blue 


It should be noted that the first three members 
of this family, lithium, sodium, and potassium, 
are the only three metals with density less than 
water. 


CHEMICAL PROPERTIES. [he alkali metals are 
intensely reactive. The pure metals tarnish im- 
mediately in air forming a hydroxide film. 
Their activity increases (they become chemi- 
cally more metallic) with increased atomic 
weight. They react so vigorously with water to 
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form hydroxides that large chunks of them 
dropped into water will cause an explosion. 
Hydrogen gas is liberated from the water in 
this reaction. So much heat is generated that 
potassium burns in contact with water. Cesium 
will burst into flame in even moist air! To pre- 
serve these metals, they must be stored under 
kerosene, or coated with paraffin, or in sealed, 
evacuated flasks. 

The alkali metals react explosively with 
dilute acids to liberate hydrogen. They burn 
vigorously when heated in oxygen or air. In 
fact, they are so active, that they, especially 
sodium, are often amalgamated with mercury 
to reduce the intensity of their reactions. In the 
amalgam they retain their chemical properties 
in a milder degree. 


uses. Most of the metallic sodium made is 
used in the manufacture of tetraethyl lead, an 
anti-knock additive in gasoline. It 1s also used 
in the manufacture of a variety of organic 
chemicals. Its use in the yellow sodium vapor 
lights along highways 1s well known. It is es- 
sential as the core of valves in aircraft engines 
to conduct heat from these parts. Alloyed with 
potassium it forms an important heat transfer 
medium in atomic power plants such as the one 
in the Navy's atomic powered submarine, 
Nautilus. 

All of these metals are excellent electron 
sources in photoelectric cells and in cyclotrons. 


PRINCIPAL. COMPOUNDs. Halides. Sodium 
chloride, NaCl, is one of the most important 
chemical compounds. It is mined directly from 
huge salt beds, or extracted from them by dis- 
solving the salt with water and forcing the 
brine to the surface with pipes arranged some- 
what like those in the Frasch Process of extract- 
ing sulfur. It is also obtained from sea water by 
evaporation and recrystallization.Ihis salt is 
essential in the diet because it is found in all 
tissue and body fluids. Vast amounts of sodium 
chloride are used in the preservation of meats 
and fish and in the preparation of other food 
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stuffs. Ordinary table salt is highly purified 
sodium chloride. When perfectly pure, it does 
not absorb moisture, but when slight traces of 
calcium or magnesium chlorides are present, 
these deliquescent salts cause the table salt to 
cake up on moist days. Sodium chloride is also 
used in the manufacture of a variety of other 
chemicals, soap, caustic soda, baking soda, and 
in the glazing of ceramic ware. 

Potassium chloride, KCl, is likewise mined 
from beds in the earth. It is used as an important 
fertilizer and in the preparation of other potas- 
sium compounds. The bromides and iodides 
of sodium and potassium are used in medicines 


and in the photographic industry. 


Hydroxides. Sodium hydroxide, also known 
as caustic soda, NaOH, is prepared by the 
electrolytes of brine (sodium chloride solu- 
tion). Hydrogen is the cathode by-product 
and chlorine is the anode by-product. The 
sodium hydroxide forms in the electrolyte 
solution in the cell, and is obtained from this 
solution by evaporation after the electrolysis 
is complete. The overall reaction is: 


2 NaCl + 2 НО = Н, + Cl; + 2 NaOH. 


Concentrated solutions of this strong base will 
injure the skin, and dissolve animal fibres such 
as wool or silk. Vegetable fibres such as cotton 
or linen are not attacked by it. Cotton treated 
with sodium hydroxide takes on a sheen and is 
known as mercerized cotton. Sodium hy- 
droxide is utilized in the manufacture of soap 
and many sodium compounds. As lye, it is a 
common household cleanser. It is also used in 
the refining of petroleum. 

Potassium hydroxide, KOH, likewise 
known as caustic potash, is prepared electro- 
lytically from а solution of potassium chloride 
in the same manner as sodium hydroxide. It is 
used in the preparation of many other potas- 
sium compounds and in the manufacture of 
fine soaps. It is the electrolyte in the Edison 
storage cell. 
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Carbonates. Sodium carbonate, Na,CO,, and 
sodium bicarbonate, NaHCOs,, are the impor- 
tant carbonate compounds of this family. They 
are prepared by the Solvay Process. The raw 
materials in this process are limestone, am- 
monia, water and sodium chloride. The lime- 
stone is heated to produce carbon dioxide: 
CaCO; = CaO + СО. (1) 
The carbon dioxide and ammonia are then 


bubbled through water causing the following 
series of reactions: 


СО» SF H;O = HCO; (2) 
NH; + Н.О = NH,OH (3) 
МН.ОН + HCO; = H:O + МН.НСОз (4) 


The water is saturated with salt which reacts 
with the ammonium bicarbonate formed in 
reaction (4): 

NH,HCO; + NaCl = NH,CI + NaHCQs. (5) 


The sodium bicarbonate precipitates from the 
solution, and is filtered from it and dried. The 
overall reaction for the process 15: 
CO; + NH; + H50 + NaCl = МН,+ + 
Cl- + NaHCQs3. 

The dried sodium bicarbonate is then heated 
strongly to produce sodium carbonate: 

2 NaHCO; = СО, + НО --Na;CO, (6) 
The Solvay Process is remarkable for its lack 
of waste of materials. The lime formed in equa- 
tion (1) is added to water to form slaked lime: 

CaO + НО = Ca(OH)>. 
When this is added to the filtrate from equation 
(5) the following reaction occurs: 
Ca(OH): + 2 NH4CI = CaCl, + 2 NH,OH. 


When this is heated, ammonia is recovered 
from the decomposition: 


NH,OH = H:O + NH;. 


CO, is recovered from equation (6). Both the 
CO; and NH, are reused in the process. Cal- 
cium chloride is the only by-product formed. 

Sodium bicarbonate, often called baking 
soda, is used in making baking powders, ant- 
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Fig. 39. Acid-Soda Fire 
Extinguisher 
acid medicinals, and in acid-soda fire extin- 
guishers, Figure 39, where it reacts with sul- 
furic acid to produce carbon dioxide: 
2 NaHCO; + H2SO,4 = Ма50, + 2 H:O + 
2 СО». 

Dry sodium carbonate is known as soda ash 
and is widely used as a source of alkalinity in 
boilerwater and to assist in the softening of 
water. Soaps, soap powders, cleansing agents, 
photographic developers and many other prod- 
ucts are made from sodium carbonate. Hy- 
drated crystals of sodium carbonate, Na,CO;° 
10H;O are known as washing soda, and аге 
employed as a common household cleanser. 


Nitrates. Both sodium and potassium nitrates 
are used as meat preservatives, in the manufac- 
ture of explosives and fireworks, and as nitrate 
fertilizers. Sodium nitrate, NaNO,, called 
Chile saltpeter, is mined in the desert regions 
of Chile. It is used to prepare potassium ni- 
trate, KNO,, which is known as saltpeter. 
Saturated solutions of sodium nitrate and potas- 
sium chloride are mixed. The least soluble of 
the four possible salts at low temperatures is 
KNO, which therefore precipitates out. The 
reaction is: 

(Nat, NO:7) + (K*,CI-) = (Na*,Cl-) + КМО». 
Peroxides. When the alkali metals are burned 
in oxygen or air, the metallic peroxide is 
formed. 
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These peroxides are all powerful oxidizing 
agents. They are used as bleaching agents and 
in the preparation of hydrogen peroxide. 


OTHER COMPOUNDS. Many other important 
compounds of sodium and potassium are used 
industrially. The chlorates, like КСІО,, are 
extensively used in the manufacture of fire- 
works, flares, and matches. Soap is fundamen- 
tally sodium stearate, NaC,.H,,0., although 
potassium stearate is likewise used in fine soaps. 
Sodium Zeolite, NaAISi,O,, is a very im- 
portant water softening agent. Other important 
compounds of sodium and potassium have been 
described in the chapters dealing with non- 
metals. 


Ammonium Compounds. The ammonium 
ion, NH,*, behaves chemically just like the 
sodium or potassium ions, combining readily 
with negative ions in solution to form com- 
pounds when the solutions are evaporated. The 
ammonium ion is formed when ammonia gas 
dissolves in water to form the weak electrolyte, 
ammonium hydroxide. 


NH; + НО = NH,OH. 


Neutralizing this base with the proper acid will 
cause the formation of corresponding ammo- 
nium salts. For example: 
NH4OH + НСІ = Н.О + NH4CI. 
(Ammonium chloride) 
2 NH,OH + H;SO, = 2 H5O + (МН,):50,. 
(Ammonium sulfate) 
Many ammonium compounds are industrially 
important. Ammonium nitrate, NH,NO,, is 
rich in nitrogen and therefore is a valuable ferti- 
lizer. It is also used in the manufacture of explo- 
sives. Ammonium bicarbonate, NH,HCO,, 
is a source of CO,, and is thus used in some 
types of baking powders. Ammonium chlo- 
ride, NH,CI, also called sal ammoniac dis- 
sociates into ammonia and hydrogen chloride 
when hot. This property makes it a valuable 
soldering flux, for it cleans the surface of the 
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metals being soldered. It is also an important 
fertilizer, and is used in the manufacture of dry 
cells. 


Problem Set No. 19 


1. Write the balanced equation for the preparation 
of potassium from fused potassium hydroxide. 

2. Explain the fact that, unlike the halogens, the 
alkali metals of high atomic weight are more ac- 
tive than those of lower atomic weight. 

3. What weight of hydrogen gas is evolved when 
4.6 g. of sodium metal are added to water? 

4. Which raw materials are lost in the Solvay Proc- 
ess and what becomes of them? 

5. Explain the fact that heating a solution of am- 
monium hydroxide liberates the gas ammonia. 


SUMMARY 


Most of the elements are metals. Most 
metals have fewer than four electrons in their 
outermost shell, so they form compounds 
through the loss of electrons. They are good 
reducing agents and form basic hydroxides. 
They tend to be tough, malleable, and ductile 
rather than brittle, and they are good conduc- 
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tors of heat and electricity. Electrometal- 
lurgy involves the reduction of metals from 
their ores by electrolysis. Pyrometallurgy in- 
volves the reduction of metals from ores by 
heating in the presence of a reducing agent. 
Hydrometallurgy involves the precipitation 
of less active metals from solution by more 
active ones. 

The alkali metals are soft light metals. 
Having only one electron in their outermost 
shell, they are extremely active. They are 
always found chemically combined. Sodium 
and potassium are among the most common 
elements, occurring in sea water and in a variety 
of salt beds. Each of these metals is prepared 
by the electrolysis of a fused compound of the 
element. The metals have limited use because 
of their great activity, but their compounds are 
stable and are of great industrial importance. 

The ammonium ion behaves chemically 
just like the 1ons of the alkali metals. Ammo- 
nium compounds are likewise important in in- 
dustry, especially as a source of nitrogen in 


fertilizers. 


CHAPTER 18 


THE ALKALINE EARTH METALS 
AND ALUMINUM 


The alkaline earth metals, so named because 
their oxides form mildly alkaline solutions, 
are the elements in Group II of the Periodic 
Table. The metals in this family all have two 
electrons in their outermost shell, and readily 
lose these electrons to form compounds. These 
elements are only slightly less active than the 
alkali metals. In fact, the alkaline earths of high 
atomic weight are more active than the alkali 
metals of low atomic weight. Calcium and mag- 
nesium are the two most important metals in 
this family. 

Aluminum is in Group III just below boron. 
It has three electrons in its outermost shell 
which are lost as this metal forms compounds. 
Its activity is similar to that of the alkaline earth 
metals, and its physical properties resemble 
those of magnesium particularly. Therefore, it 
is being considered with the alkaline earth ele- 
ments. 

Beryllium, barium, strontium, and radium 
are the other metals in the alkaline earth group. 


OCCURRENCE. Beryllium is quite rare. Its prin- 
cipal ore is beryl, a complex alumino-silicate, 
Be,AlSi,O;. When this compound contains 
traces of chromium impurities, it is the green 
stone emerald. When beryl is contaminated 
with traces of iron, it is aquamarine. Neither 
beryllium nor any of the other alkaline earth 
metals occur free in Nature. 

Magnesium is the eighth most abundant 
element, comprising about 2% of the crust of 
the earth. It makes up about 1.14% of sea water. 
Its chloride makes up part of the mineral car- 
nallite, MgCL-KCI6H,O, and its sulfate, 
Epsom salt, MgSO,°7H,0O, is found in beds. 
It is found as carbonate deposits in magnesite, 
MgCO,, and as dolomite, MgCl,: CaCO.. 
Many complex silicates such as asbestos, 


CaMgs(SiO;), tale, FLMg;(SiO;), and 
meerschaum, H,Mg;(S1O;), also contain 
magnesium. 

Calcium is just behind aluminum and iron 
in the list of abundant metals, and makes up 
about 3% of the crust of the earth. It is less 
abundant in sea water than is magnesium 
(0.05%), but its land deposits are extensive. Its 
carbonate, CaCO,, is found in many varieties 
such as limestone, marble, chalk, sea shells, 
and the crystalline mineral calcite. It occurs 
with magnesium in dolomite. Fluorspar, 
CaF, anhydrite, CaSO, and gypsum, 
CaSO,°2H,O, are important calcium minerals. 
Apatite, Са, (PO,); and many complex silicate 
rocks are also sources of calcium. 

The other alkaline earths are relatively rare. 
Strontium is found as the carbonate mineral 
strontianite, SrCO,, and the sulfate mineral 
celestite, SrSO,. Barium is found in similar 
compounds, witherite, BaCO;, and barite, 
BaSO,. Radium occurs in minute quantities in 
uranium ores, the oxide pitchblende and the 
vanadate carnotite. 

Aluminum is by far the most abundant 
metal on earth, constituting more than 7% of 
the crust of the earth. It occurs in a variety of 
silicate rocks, especially КН,А1, (510,) 3, 
mica, and KAISi,O,, feldspar. These rocks 
disintegrate by the action of moisture and car- 
bon dioxide in the atmosphere to form clay and 
ultimately aluminum oxide. This process is 
known as weathering, and the principal alumi- 
num ore, bauxite, А1,О,:2Н,О, has been 
formed by this process. Aluminum also occurs 


as cryolite, Na;AIF,. 


METALLURGY. АП of the alkaline earth metals 
may be prepared by the electrolysis of their 
fused chlorides or by heating the oxides in a 


143 


144 


vacuum with a powerful reducing agent such 
as powdered aluminum or silicon (in the form 
of an alloy with iron known as ferrosilicon). 
Typical reactions are: 
CaCl, = Cle + Ca. 
2 MgO + Si = SiO; +2 Mg 
Of the pure metals in this family, magnesium 
is by far the most abundantly produced, al- 
though metallic beryllium, calcium, and barium 
are commercially important. 

Aluminum is prepared electrolytically by 


(Electrolysis) 


(Heating in vacuum) 


! 
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Fig. 40. Hall Process for the Preparation 
of Aluminum 


the Hall Process. (See Fig. 40.) Purified alu- 
minum oxide, А1,О,, obtained from bauxite, is 
melted in an electric furnace with the aid of the 
fluxes cryolite and fluorspar (fluxes are used 
to reduce the melting point of a substance). An 
electric current passed through the molten 
oxide causes aluminum to be deposited on the 
graphite cathode lining the furnace. Oxygen is 


liberated at the carbon anodes immersed into 
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the melt. At the elevated temperature in the 
furnace, maintained by the heat generated by 
the resistance of the molten oxide to the flow 
of current, oxygen attacks the carbon anodes 
forming both carbon monoxide and carbon 
dioxide. Therefore the anodes must be replaced 
regularly. The fundamental reaction of the' 
Hall process is: 


2 AlO; == Os + 4 Al. 


PHYSICAL PROPERTIES. Ihe physical properties 
of the alkaline earth metals and aluminum are 
summarized in Table XL. 


All are silvery white metals and are good con- 
ductors of heat and electricity. Note that they 
are more dense and melt at higher temperatures 
than the alkali metals. Barium is a good electron 
emitter like the alkali metals. Calcium, stron- 
tium, and barium vapors, when sufficiently hot, 
emit colored light as follows: 


Ca—brick red — Sr—Brilliant crimson — Ba—green. 


Heated ions of the alkali and alkaline earth 
metals emit the same colors as the heated vapors. 


CHEMICAL PROPERTIES. Of the metals in this 
group, only beryllium, magnesium, and alumi- 
num do not appreciably tarnish on exposure to 
moist air, All the others form heavy hydroxide 
coats. À thin film of oxide forms on beryllium, 
magnesium, and aluminum which then protects 
these metals from further attack. All of these 


Table XL 
Physical Properties of Alkaline Earths and Aluminum 


Property Be Ca 
Atomic No. 12 20 
Atomic Wt. 24 40 
2.186 Dia йыш 

8,2 
851 
1487 
1555 


Electronic 
Structure 
Melting Pt. °С. 
Boiling Pt. °C. 
Density, g/cc 


651 
1106 
73 


Sr Ba Ra 
38 56 88 
88 197 226 
пар - 586, 3857 Хен ЭО" 
8,2 18/9, 2 ^ 8 8,9 
771 849 960 
1383 1638 1145 
2.6 3.5 5 
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metals burn with a brilliant white light in air 
or oxygen. All are good reducing agents, and 
magnesium and aluminum are extensively used 
for this purpose. One such reducing reaction 
involving particularly aluminum is known as 
the thermite reaction. In this reaction, other 
metals are reduced from their oxides. For ex- 
ample, iron may be reduced by igniting a mix- 
ture of powdered aluminum and ferric oxide: 
Fe.O3 + 2 Al = АО» + 2 Fe. 


This reaction is highly exothermic, and the heat 
generated is sufficiently great to melt the iron 
and permit it to flow into cracks or difficultly 
accessible spaces. (See Fig. 41.) Thus broken 
iron members can be welded “іп place." The 
heavier alkaline earth metals combine readily 
with water at room temperature liberating hy- 
drogen and forming the metallic hydroxides. 
Beryllium, magnesium, and aluminum under- 
go the same reaction at elevated temperatures. 
All of these metals react vigorously with acid 
to liberate hydrogen, although aluminum be- 
comes passive when treated with concentrated 
nitric acid because of the formation of an im- 
pervious oxide film. 


MAGNESIUM RIBBON 


Fig. 41. Thermite Welding 


uses. Beryllium is used primarily in alloys, 
particularly with copper. It greatly hardens 
the copper. One such alloy, known as a beryl- 
lium bronze, containing about 2% Be, is used 
to form "non-sparking" tools. Another is used 
in the formation of springs of great elastic limit. 

Magnesium has become an important struc- 
tural metal. It is used extensively either in the 
pure form or alloyed with aluminum in the 
construction of aircraft and other objects re- 
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quiring light weight. Magnesium turnings are 
burned in flash bulbs to produce brilliant light. 
Powdered magnesium is sometimes used in 
place of aluminum in the thermite reaction. 
The other alkaline earth metals have few im- 
portant uses. 

Aluminum has rapidly taken its place as one 
of the really important structural metals. Its 
light weight, resistance to corrosion, and ten- 
sile strength make it an excellent outside cover 
for buildings. The fact that it reflects a high 
percentage of light energy adds to its value as 
a covering material. Its lightness and strength 
make it valuable in the manufacture of truck 
bodies, wheels, railroad equipment and rolling 
stock, pistons, and a whole host of other ob- 
jects. Because aluminum is so malleable (can 
be easily rolled into sheets) great quantities of it 
are utilized in aluminum foil. Because it 1s so 
ductile (can be easily drawn into wire) much 
of the wiring in cross-country electrical lines 
is made of aluminum. Aluminum powder, 
which consists of tiny flakes of the metal, sus- 
pended in a suitable oil medium has extensive 
use as aluminum paint. 


PRINCIPAL COMPOUNDS. Oxides. Oxides of 
aluminum and the alkaline earth metals all have 
extremely high melting points. Consequently 
they are used in the manufacture of firebrick 
and other refractory materials. Calcium oxide, 
CaO, is known as lime or quicklime, and mag- 
nesium oxide, MgO, is known as magnesia. 
They are prepared by the thermal decomposi- 
tion of their carbonates. The process is known 
as calcining. In the case of the preparation of 
lime, Figure 42, it is also known as the burning 
of limestone. Typical equations are: 

CaCO; = СО» + CaO. 

MgCO; = СО, + MgO. 

They both react with water to form sparingly 
soluble hydroxides. When barium oxide 15 
heated, it combines with oxygen to form bar- 
ium peroxide. The equation is: 

2 BaO + О, = 2 BaOs. 


(lime) 
(magnesia) 
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Fig. 42. Preparation of Lime 


This compound reacts with water to form hy- 
drogen peroxide in a reaction which has indus- 
trial importance (Brin Process): 


ВаО» +2 Н.О = Ba(OH); + НО». 


Aluminum oxide, ALl,O,, known as alumina, 
occurs as crystals of corrundum, ruby, and 
sapphire. It is extremely hard and has wide- 
spread use in making abrasive papers, and 
grinding and cutting wheels. Much alumina is 
utilized in the manufacture of synthetic sap- 
phires and rubies which are used as jewels in 
timepieces and other delicate instruments. 


Hydroxides. The hydroxides of the alkaline 
earth metals are all strong bases although these 
hydroxides are only sparingly soluble in water. 
Barium hydroxide, Ba(OH),, is the most 
soluble and beryllium hydroxide, Be(OH),, 
the least. Beryllium and aluminum hydroxides 
are soluble in both acids and bases. Thus they 
behave as bases toward acids and as acids toward 
bases. Such hydroxides are said to be ampho- 
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teric. The amphoteric reactions of aluminum 
hydroxide are: 


As base: Al(OH), + 3 MCI = 3 H;O + AIC. 


As acid: H;AlO; + 3 NaOH = 3 Н,О + Na5A10,. 

(Sodium aluminate) 
Aluminum hydroxide, Al(OH), is a sticky 
porous material which is quite insoluble in 
water. It clings to fabrics and absorbs coloring 
materia which would otherwise not color 
these fabrics. Consequently it is an important 
intermediary in some dyeing processes. When 
is has been precipitated on cloth it 1s called a 
mordant, and after it has absorbed the dye, it 
is known as a lake. Because it absorbs great 
quantities of suspended material from solution, 
it is extensively used in the clarification of 
municipal drinking water. Since aluminum 
salts hydrolyze to produce aluminum hydrox- 
ide, they may be used as an indirect source of 
this compound. If solutions of sodium carbon- 
ate, containing a small amount of licorice pow- 
der, and aluminum sulfate are mixed, a volu- 
minous foam of aluminum hydroxide and car- 
bon dioxide is generated. This foam is an im- 
portant fire extinguisher. 

3 Na;CO; + Al (SO); + 3 HzO = 3 Na;SO, + 

2 AOH «+ 3COL. 

Magnesium hydroxide Mg(OH), is 
known as milk of magnesia, a commonly 
used antacid and laxative. 

Calcium hydroxide, Ca (OH);, is prepared 
by adding water to lime, and is known as 
slaked lime. It is used in a variety of processes 
requiring a mild alkali, such as in the removal 
of hair from hides, in the preparation of mortar 
and plaster, in water softening, and in the man- 
ufacture of many substances such as bleaching 
powder, paper, glass, and ammonia. Mortar is 
a paste of slaked lime, sand, and water. It sets 
and dries by absorbing carbon dioxide from the 
atmosphere, converting the slaked lime to cal- 
cium carbonate: 


Са(ОН): + СО» = СаСОз + H20. 
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The setting of mortar requires much time be- 
cause the carbonating process proceeds from 
the outside to the interior of the mortar. 


Sulfates. Magnesium sulfate, MgSO,°7H.0, 
when purified, is the commonly used laxative 
Epsom salt. 

Calcium sulfate, CaSO,°2H.O, is the im- 
portant mineral gypsum. It is used as an im- 
portant fertilizer and in the manufacture of 
a variety of fire-proof building materials. It is 
also used in the manufacture of plaster of 
Paris. When gypsum is heated to about 120° 
C., it loses 75% of its water of crystallization: 

100192820 — 3 H;O + (C150): * H20. 

(Plaster of Paris) 
This reaction is reversed when the proper 
amount of water is added to plaster of Paris, 
and the mass quickly sets as crystallized gyp- 
sum. A slight expansion accompanies the set- 
ting which enables sharp reproduction of de- 
tails in a mold. The uses of plaster of Paris in 
wall plaster, for plaster casts, and in casting and 
molding operations is well known. 

Aluminum sulfate, Al,(SO,)3°18H,.O, is 
widely used as a source of aluminum hydroxide 
(by hydrolysis) in the purification of water, 
in dyeing, and in paper making. It is also used 
in the preparation of alums. An alum is a 
double sulfate, consisting of the sulfates of a 
monovalent and a trivalent metal in a single 
crystalline compound. Their general formula 
may be written: 


M+M+++(SQ,)2° 12 HO. 


A great variety of alums are known, consist- 
ing of monovalent sodium, potassium, or am- 
monium and trivalent aluminum, iron, or chro- 
mium. [he aluminum alums are used as a source 
of aluminum hydroxide in essentially the same 
applications as those of aluminum sulfate. 


Calcium Carbonate. Calcium carbonate, 
CaCO,, is an abundant and extremely impor- 
tant mineral. As limestone and marble it is a 
widely used building miterial. Marble is the 
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principal stone used by sculptors. Limestone 
is an important raw material in many manufac- 
turing processes, being a source of both lime 
and carbon dioxide. Such varied products as 
mortar, baking soda, and toothpaste require 
limestone as a raw material. The glass industry 
uses great quantities of it, and the reduction of 
iron in a blast furnace requires limestone as a 
flux. It is likewise an important fertilizer. It is 
a source of much scenic beauty varying from 
the chalk cliffs of Dover to the magnificent 
underground limestone caverns found through- 
out the world. The stalagtites suspended from 
the ceilings of these caverns and the stalag- 
mites built up from the floors consist of lime- 
stone precipitated from saturated solutions. 


Cement and Concrete. Limestone and clay 
or shale, H,ALSiO,, are heated in a huge 
rotary kiln forming a complex mixture of lime, 
alumina, and silica, in the form of calcium alu- 
mino-silicates. The clinkered mass is powdered 
and a small amount of gypsum 15 added. The 
mixture is known as Portland cement. When 
this cement is mixed with sand, gravel, and 
water, it sets to form concrete. The setting 
process involves the formation of crystals of 
calcium aluminate, calcium hydroxide, and 
silica. Much heat is evolved, and large batches 
of concrete must be cooled artificially to insure 
proper setting. 


Hard Water. Water that contains calcium and 
magnesium ions in solution is known as hard 
water because these ions react with soap, sod- 
ium stearate, to prevent the formation of a 
lather. Thus these ions interfere with the 
cleansing action of soap. 


ExPERIMENT 28: Shave about % inch of soap from 
the end of a small bar of white soap. Chop the shav- 
ings up very fine and add them to М cup of alcohol. 
Stir thoroughly to dissolve as much of the soap as 
possible. Let the excess soap settle. Measure the fol- 
lowing into small stoppered jars or bottles: !4 cup 
of distilled water, % cup of tap water, 4 cup of tap 
water to which 5 crystals of Epsom Salts have been 
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added. To each of these liquids, in turn, add the clear 
soap solution drop by drop—shaking the jar well 
after each addition of soap—until a lather is formed 
which persists for several minutes. The more soap 
required, the harder the water being tested. 


The softening of hard water involves the re- 
moval of calcium and magnesium ions from 
solution. If the hard water contains sufficient 
bicarbonate ion, it may be softened by one of 
these processes: 

(a) By boiling: 

Ca++ + 2 HCO,- = СаСО, + Н.О + СО. 

(b) By treating with slaked lime: 

Ca++ + 2 HCO;- + Са(ОН), = 2 СаСО» + 

2 H20. 

Water containing at least two moles of bicar- 
bonate ion for every mole of calcium or mag- 
nesium ion to be removed is called temporary 
hard water. If the water contains less bicar- 
bonate ion, it is known as permanent hard 
water. Such water may be softened by adding 
soda ash, sodium phosphate, or borax which 
causes the removal of calcium and magnesium 
by precipitating them as carbonates, phos- 
phates, or borates respectively. 

When large quantities of water are to be 
softened for industrial purposes, the ion-ex- 
change properties of NaAISi1,O,, sodium zeo- 
lite, are frequently utilized. This compound 
can exchange its sodium ions for calcium and 
magnesium ions when in contact with hard 
water, thereby softening it. Then the sodium 
ions can be returned to the zeolite by treating 
it with a concentrated solution of sodium chlo- 
ride. This regenerates the zeolite for further 
use. Synthetic organ resins with ion-ex- 
change properties are also widely used for this 
purpose. An acid resin exchanges hydrogen 
ions for all metallic ions, and a basic resin ex- 
changes hydroxide ions for all negative ions. 
The result is the production of deionized 
water of high purity. 

Hard water cannot be used in boilers because 
calcium and magnesium salts will precipitate 
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from boiling water on the walls of boiler tubes 
forming boiler scale. This scale greatly re- 
duces the heat transfer properties of the tubes 
and may ultimately cause them to blow out. 
Boiler scale usually consists of calcium sulfate 
and magnesium carbonates. 


Ceramics. Bricks, pottery, chinaware, and 
porcelain are collectively known as ceramics. 
All of these are made from clay, an impure 
alummum silicate, or kaolin, a purer form of 
clay. Bricks are made by heating a paste of 
clay and sand until it is thoroughly dehydrated. 
Pottery, consisting only of clay and water is 
first shaped on the potter’s wheel and then 
"fired" in a kiln. It may later be glazed by 
coating it with a silicate glass. Chinaware is 
made from a paste of calcium phosphate, feld- 
spar, and kaolin which is then fired, and later 
glazed. Porcelain is made from quartz, white 
kaolin, marble and feldspar. The plastic paste 
is first molded and then fired. 


Problem Set No. 20 


1. Carnallite, the double chloride of potassium and 
magnesium, is melted and then used as a bath for 
the electrolytic preparation of magnesium. 


(a) Will hydrogen, from the water of crystalliza- 
tion, be a by-product? Explain. 

(b) Using Table XXV, compute the voltage nec- 
essary to decompose KCl and MgCl; electro- 
lytically. 

(c) Suggest a safeguard to insure the deposition 
of magnesium free from contamination by 
potassium. 


2. Show with ionization equations how solutions of 
aluminum sulfate hydrolyze. 

3. (a) Write the formula of crystalline sodium 

aluminum alum. 
(b) Can an alkaline earth metal be present in an 
alum? Why? 

4. Silicate ores are relatively undesirable as a source 
of a metal not only because they are rather diffi- 
cult to decompose chemically but also because of 
their low metal content. For example, if you 
found an extensive deposit of pure beryl, what is 
the maximum amount of pure beryllium you 
could theoretically extract from the ore? 
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5. The activity series of metals (page 98) shows 
only magnesium and calcium from the alkaline 
earth family. Where would you expect to find 
strontium, barium, and radium, and in what order? 


SUMMARY 


The metals of Group II of the Periodic 
Table are called the alkaline earth metals. 
Beryllium, magnesium, calcium, strontium, 
barium, and radium are the members of this 
family. Aluminum is in Group Ш, but chemi- 
cally and physically it resembles the alkaline 
earth metals. 

Aluminum is the most abundant metal, and 
calcium and magnesium are also very abundant. 
The other alkaline earth metals are relatively 
rare. None of these metals are found free in 
Nature. 

These metals are usually prepared by elec- 
trolysis of a fused compound. The Hall Proc- 
ess for the electrolytic preparation of alumi- 
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of heat and electricity and all are quite active 
chemically. 

Beryllium is used as an alloy with copper to 
harden the copper. Magnesium and aluminum 
are important light structural metals. 

The oxides of these are used in making re- 
fractory materials. Aluminum oxide is an im- 
portant abrasive. Aluminum hydroxide is am- 
photeric and has adsorptive properties which 
are widely utilized. Calcium hydroxide is used 
in many industries both as a source of calcium 
and as a mild alkali. 

The sulfates of these metals tend to be hy- 
drated. Partially dehydrated calcium sulfate 
is plaster of Paris. Aluminum sulfate is the 
source of many alums. 

Both calcium and aluminum are involved in 
the complex silicate structure of Portland ce- 
ment. Calcium and magnesium ions are re- 
sponsible for the hardness of water. Cera- 


num is of great industrial importance. All of | mies have aluminum silicate as their basic 


these silvery white metals are good conductors 


ingredient. 


CHAPTER 19 


IRON AND THE STEEL ALLOY 
METALS 


It has been said that iron and steel form the 
skeleton supporting civilization. Pure iron is 
rarely encountered, but as steel or cast iron it 
forms the fundamental ingredient of the tools 
and structures of modern existence. Practi- 
cally every means of livelihood in some way 
employs this basic material. 


IRON 


OCCURRENCE. Iron is second only to aluminum 
in the list of abundant metals, constituting 
about 5% of the crust of the earth. The ores 
containing the greatest concentration of iron 
are: Hematite, Fe,O,, magnetite, Fe,O,, and 
pyrites, FeS.. Hematite is by far the most im- 
portant of these, occurring in vast but now 
dwindling deposits ın the Mesabi Range in 
Minnesota. Magnetite is magnetic iron oxide 
and is known as lodestone. Pyrites has a yel- 
low color similar to gold and is often referred 
to as fool’s gold. This substance is more com- 
monly employed as a source of sulfur dioxide 
(by roasting) in the manufacture of sulfuric 
acid. 

Fairly extensive deposits of siderite, FeCOs, 
are also worked for their iron content and a 
vast amount of low grade iron ore containing 
less than 40% iron are abundantly distributed 
over the earth. This will soon be our chief 
source of iron. Meteorites contain free metal- 
lic iron, and it is believed that the liquid core 
of the earth consists essentially of iron. 


METALLURGY. Iron is reduced from its oxide 
ore in a blast furnace. (See Fig. 43.) The fur- 
nace is charged with the following ingredi- 
ents: 


a. Iron ore, consisting of Fe;O; and silicate 
impurities, 


b. Coke. 


c. Limestone. 


d. Hot air. 
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Fig. 43. The Blast Furnace 


The solid ingredients are charged at the top of 
the furnace in layers in the order: limestone, 
coke, and ore. The hot air is forced upward 
through the furnace from the bottom. The air 
oxidizes the coke to carbon monoxide: 


2C+ O2,=2 CO. 


This gas is the reducing agent in the process, 
and the heat generated in the formation of CO 
provides the high temperature required for the 
reduction of the iron: 
Ее„О» + 3 СО = 3 СО, + 2 Fe. 
The limestone acts as a flux and likewise pro- 
vides the lime which combines with the silica 
impurities to form slag: 
CaCO, = СО, + CaO. 


СаО + SiO; = CaSiOs. (Slag) 
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Both the iron and the slag become molten and 
drop to the bottom of the furnace. The two 
liquids are immiscible, forming separate layers 
with the more dense iron at the bottom. Tap 
holes are provided in the furnace to remove 
each of these substances from the furnace as 
liquids. 

Solidified iron obtained from the blast fur- 
nace is known as pig iron. This product is only 
slightly over 90% pure. It contains two to six 
percent carbon, appreciable amounts of silicon 
and manganese, and small amounts of phos- 
phorus and sulfur. The carbon is present as an 
iron carbide, Fe;C, known as cementite, the 
compound responsible for the hardness and 
brittleness of pig iron. If the pig iron is per- 
mitted to cool suddenly, all of the carbon is re- 
tained as the carbide, and the product is known 
as white cast iron. If the pig iron is cooled 
slowly, some of the carbon separates from the 
carbide and forms tiny flakes of graphite. This 
product is known as gray cast iron. Because 
of the partial decomposition of the carbide, 
gray cast iron is softer and tougher than white 
cast iron, it has a higher melting point (1250? to 
1150? C.), and is much more suitable for cast- 
ings since it expands on solidifying whereas 
white cast iron shrinks on solidifying. Thus 
gray cast iron is usually used in the making of 
stoves, radiators, the multitude of other cast 
objects which are not subject to shock. 

If the pig iron is remelted in a furnace with 
more iron oxide, Ее,О,, and stirred or pud- 
dled, the oxygen from the oxide combines with 
the carbon to remove it as carbon monoxide. It 
also combines with phosphorus and sulfur 
forming oxides, and with silicon forming a slag. 
When the puddling process is complete, the 
product is rolled or hammered at a temperature 
just below the solidification point to squeeze 
out the slag. However, some slag is retained, 
producing a fibrous structure in the metal. This 
product is known as wrought iron. It is soft, 
tough, and relatively corrosion resistant. It is 
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used for making bolts, chains, anchors, and 
iron pipe. 
Pure iron is prepared by passing dry hydro- 
gen gas over hot ferric oxide, Fe;O;: 
2 Fe30; + 3 H.=3H.0+ 4 Fe. 


PHYSICAL PROPERTIES. Pure iron, atomic num- 
ber 26 and atomic weight 55.8, is a transition 
element, having two incomplete shells of elec- 
trons. Its shells contain 2, 8, 14, 2 electrons re- 
spectively. Transition elements may use not 
only the electrons in the outermost shell in 
forming compounds, but also one or more elec- 
trons from the second outermost shell. It will 
be noted that the transition elements never at- 
tain the structure of the inert gases. Iron melts 
at 1535? С. and boils at 3000? С. Its density 15 
7.86 grams per cc. It is a relatively soft, silvery 
white metal, very ductile and malleable, and a 
good conductor of heat and electricity. It 1s 
strongly magnetic. 


CHEMICAL PROPERTIES. Iron forms two series 
of compounds, ferrous compounds in which 
the valence of iron is 2, and ferric compounds 
in which the valence of iron is 3. When pure 
iron reacts with acids, or with steam at high 
temperature, to form hydrogen, the ferrous 
compounds are formed. These may then be 
oxidized by atmospheric oxygen or other pow- 
erful oxidizing agents to the ferric compounds. 
The rusting of iron is an electrochemical proc- 
ess which has been described in Chapter 11. 
Dipping iron into concentrated nitric acid, a 
powerful oxidizing agent as well as an acid, 
renders iron passive as a result of the forma- 
tion of a film of oxides. Passive iron does not 
rust unless the film is broken by scratching or 
striking with a sharp object. Alkalies form a 
thin film of ferrous hydroxide on iron which 
then prevents further attack on the metal by 
the alkalies. Thus iron forms a suitable con- 
tainer for melting sodium and potassium hy- 
droxides in industry. 


UsEs. Ín addition to the use of iron as a struc- 
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tural material in objects ranging from sky- 
scrapers to toys, its magnetic properties per- 
mit its use in magnets, in telephones and tele- 
graph sets, in electric motors and generators, 
and in many other devices. 


COMPOUNDS. Ferric oxide, Fe;O,, the princi- 
pal iron ore, also has many direct uses. It is hard 
like alumina, and therefore is a valuable abra- 
sive used especially in the polishing of glass. 
Its red color makes it an important pigment in 
the paint industry and the cosmetic industry 
uses it as rouge. Ferric hydroxide, Fe(OH),, 
is reddish-brown in color, but otherwise has es- 
sentially the same properties as aluminum hy- 
droxide. Thus it is used as a mordant and in the 
clarification of drinking water. Magnetic 
oxide, Fe,O,, is an equimolar combination of 
FeO and Ее,О,. Besides being an important 
source of iron, its magnetic properties are 
utilized in a variety of gadgets. It is formed 
when iron burns in air or oxygen. Iron inks 
contain a solution of ferrous ions and tannic 
acid. Oxygen in the air slowly oxidizes the fer- 
rous 1ons to ferric ions which then precipitate 
black ferric tannate wherever the ink has been 
applied. A dye added to the ink shows where 
writing has taken place until the more perma- 
nent ferric tannate precipitates. Since the dye 
is water-soluble, flushing fresh ink stains with 
ample water will remove them. But if the stain 
has been in contact with air for an appreciable 
ume, the ferric tannate must be reduced to re- 
move the stain. A solution of oxalic acid will 
perform this reduction, regenerating the solu- 
ble ferrous ions. Oxalic acid will also “clean” 
rust stains for the same reason. 


STEEL 


Steel is fundamentally an alloy of iron and 
carbon containing less than 2% carbon. If more 
carbon is present, the alloy is cast iron. The 
process of making steel involves the removal 
of carbon from pig iron. Three important 
processes are in common usc today: 


a. The Bessemer Process. 
b. The Open Hearth Process. 
с. The Electric Furnace. 


In the Bessemer Process, Figure 44, the 
egg-shaped converter is charged with molten 
pig iron. Air is blasted upward through the 
molten iron from tiny jets in the lower part of 
the converter. This oxidizes the carbon, man- 
ganese and silicon, essentially removing them. 
After 20 minutes the converter is charged with 
carbon and manganese, in the form of coke and 
spiegeleisen (an alloy of iron and manganese), 
to bring the concentration of these elements to 
the desired amount. The air mixes the ingredi- 
ents in a short time, and the converter is then 
tilted and the steel is poured into molds. 
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Fig. 44. The Bessemer Converter 


In the Open Hearth Process, Figure 45, 
limestone, pig iron, and scrap iron are melted 
in the huge furnace basin lined with basic mag- 
nesia brick. Gaseous fuel is burned with hot 
air over the melt and the heat is reflected down- 
ward onto the molten metal. Ferric oxide is 
added to supply oxygen to oxidize the impuri- 
ties of the metal. Sulfur and phosphorus are re- 
moved by direct combination with the basic 
lining of the furnace. Since the process requires 
8 to 10 hours, there is ample time for careful 
chemical analysis of the metal being produced. 
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The carbon and manganese contents are con- 
trolled by adding sufficient coke and spiegel- 
eisen. When the batch is ready, it is poured into 
giant ladles and carried away for solidification 
or for further refinement. 
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Fig. 45. The Open Hearth Furnace 


In the Electric Furnace Process, Figure 
46, almost perfect control over the composition 
of the steel can be attained. The heat is gen- 
erated from the resistance of molten slag to the 
flow of electricity. The current is supplied by 
giant carbon electrodes. The basic slag removes 
the phosphorus and sulfur, and ferrous oxide 
removes the carbon. The composition is then 
adjusted by adding the proper ingredients. 
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Fig. 46. The Electric Furnace 


Bessemer steel has the lowest quality, and 
contains both sulfur and phosphorus. Sulfur 
causes steel to be brittle when hot (called red 
short), and phosphorus causes it to be brittle 
when cold (called cold short). Bessemer steel 
is used in applications where the steel is subject 
neither to corrosive influences nor to shock. 
Open hearth steel is of high quality. It is used as 
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the fundamental structural steel. Electric fur- 
nace steel is the highest quality steel and is used 
in applications requiring the additional expense 
of quality such as tools, crankshafts, and gears. 

A percentage of 0.8% carbon divides low- 
carbon steel from high-carbon steel. The 
higher the carbon content, the harder the steel 
and the more susceptible it is to heat treat- 
ment. The following heat treatment proce- 
dures are applicable to all except very low-car- 


bon steel (below 0.2% C): 
a. Annealing. 


b. Quench hardening. 
c. Tempering. 


In the annealing process, the steel is heated 
to a bright red color above 900° C. and then 
cooled very slowly. This produces the softest 
form of any given steel. If, on the other hand, 
the hot steel is plunged into cold water or oil, 
the rapid chilling produces the hardest form of 
any given steel. This is known as quench hard- 
ening. Hardened steel is brittle because of in- 
ternal strains. These may be relieved, produc- 
ing a tougher, although somewhat softer, steel 
by tempering the hardened steel. This consists 
of reheating the steel to a temperature below 
900° C. and holding the specimen at the tem- 
perature until the stresses are relieved. 

Low-carbon steels may be case-hardened 
by packing the specimen in a mixture of barium 
carbonate and charcoal and heating to about 
1000? for several hours. Carbon 1s absorbed 
from the carburizing mixture in its outer 
layers forming the carbide Fe;C. This forms 
a specimen with a very hard shell and a tough 
interior. 


ALLOY STEELS 


By alloying other metals with steel, a count- 
less number cf alloy steels can be produced pos- 
sessing an almost endless variety of properties 
and applications. The principal alloying metals 
used in steel are the transition metals in the 
same Period of the Periodic Table as iron. They 
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Table XLI 
Properties and Uses of Alloy Steels 


Alloy Metal 
Titanium 
Vanadium 
Chromium 


Toughness and strength 
Shock resistance; fine grains 


and toughness 
Manganese Toughness; wear resistance 
Cobalt 
Nickel 


Magnetism 


strength 
Molybdenum 
Tungsten 
Silicon 
Zirconium 
Tantalum 


Hardness; heat resistance 


Sparking 


Hardness 


include titantum, vanadium, chromium, man- 
ganese, cobalt, and nickel. The metals below 
chromium in the Periodic Table, molybdenum 
and tungsten, are also important steel alloy 
metals. ‘Table XLI shows the properties and 
uses of alloy steels. 

All of the substances in Table XLI are transi- 
tion metals except silicon. Locate each of these 
metals in the Periodic Table, for we will now 
examine each one more closley. 


TITANIUM, ZIRCONIUM, AND HAFNIUM 


Titanium 1s a very abundant metal, consti- 
tuting about 0.6% of the crust of the earth. 
However, it is thinly and fairly evenly distrib- 
uted over the earth, which makes its exploita- 
tion difficult. It occurs as rutile, TiO., and 
ilmenite, FeTiO;. The discoveries of titanium 
in Wyoming are the most concentrated yet 
found. Zircenium is quite rare, occurring as 
zirconia, ZrO,, and zircon, ZrSiO,. Hafnium 
is very rare, usually occurring in conjunction 
with zirconium. 

‘Titanium metal is light, very strong, and 


* 


Properties Imparted 


Corrosion resistance; hardness 


Hardness; toughness; tensile 
Tensile strength; heat resistance 


Flexibility; electrical permeability 


Chief Uses 
Special gears; tools 
Steel castings; axles; gears 
Stainless steel; tools; cocking utensils 


Safes; steam shovel teeth; crushers; 


railway frogs and switches 
Permanent magnets 
Automotive parts; armor plate 


High-speed tools 
High-speed cutting tools 
Springs; transformer cores 
Lighter flints 

Tools 


quite corrosion resistant. Therefore, it is being 
increasingly used as a structural metal. It is re- 
duced from its dioxide in an electric furnace in 
which air has been replaced with an inert gas, 
for when the metal is slightly impure at high 
temperatures it is extremely reactive with both 
oxygen and nitrogen. In steel, as ferrotitan- 
ium, this metal provides wearing qualities 
necessary for curved railroad track. Zircon- 
ium and hafnium have been reduced from 
their ores only with great difficulty. Both have 
properties valuable in the exploitation of 
atomic energy. 

Titanium dioxide, TiO, is an important 
white paint pigment. It is used in the making of 
false teeth, in glazing porcelain, and in whiten- 
ing paper. Titanium tetrachloride, ТІСІ, is 
a fuming liquid used in the making of smoke 
screens. Zirconium dioxide, ZrO,, is used as a 
refactory material. 


VANADIUM, NIOBIUM, AND TANTALUM 


All of these metals are quite rare. Vanadium 
| is the most important. It is found in carnotite, 
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a uranium vanadate. In the extraction of ura- 
nium, vanadium is separated as the pentoxide, 
У,О,. Pure vanadium can then be reduced 
from the pentoxide by the thermite reaction. 
Niobium and tantalum may likewise be re- 
duced from their pentoxides. Tantalum 1s ex- 
tremely corrosion resistant. One of the most 
powerfully corrosive liquids, known as aqua 
regia and consisting of a mixture of one part 
of concentrated nitric acid and three parts of 
concentrated hydrochloric acid, will not at- 
tack it. As wire, pins, and plates it is useful to 
surgeons in splicing and supporting bones. 
Vanadium pentoxide, V.O,, is an important 
catalyst in the Haber process for making am- 
monia and in the Contact process for making 
sulfuric acid. 


CHROMIUM, MOLYBDENUM, 
AND TUNGSTEN 


Chromite, Fe(CrO,),, is the chief ore of 
chromium, the most abundant of these three 
metals. Molybdenum is found as the sulfide, 
molybdenite, MoS,, a substance easily mis- 
taken for graphite. Molybdenum is the least 
common of these metals. Tungsten occurs in 
scheelite, СаО, апа in (FeMn) WO,, wol- 
framite. Chromium may be prepared by re- 
ducing chromic oxide, Cr,O;, with aluminum 
in the thermite reaction, or by depositing it 
electrolytically from solution. Both molybde- 
num and tungsten are reduced from their 


oxides, MoO, and WO,, by hydrogen. 
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Chromium is а bluish-white, brittle metal 
that is both hard and corrosion resistant. Most 
people are familiar with chromium-plated ac- 
cessories on automobiles and furniture. It is 
not only one of the most important steel alloy 
metals, but it is also found in other important 
alloys such as nichrome, an alloy containing 
chromium, nickel, iron, and manganese, which 
is used in heating elements in toasters, irons and 
ovens; and stellite, an alloy of cobalt, chro- 
mium, tungsten, and carbon, used in surgical 
instruments, cutlery, and high speed tools. The 
chief use of molybdenum is in steel. Tungsten 
has the highest melting point of any useful 
metal (3300° C.). The exceedingly rare metal 
rhenium melts at 3440° C. Tungsten wire 
drawn from hot compacted powdered tungsten 
is used as filaments in light bulbs. Both tung- 
sten and molybdenum are used as filaments in 
vacuum tubes. 

Chromium compounds are brilliantly col- 
ored, and many of them are used as paint pig- 
ments. Table XLII lists some chromium pig- 
ments. 

Sodium dichromate, Na,Cr.O,, is used in the 
tanning of leather. Potassium dichromate, 
K;,Cr,O. is a powerful oxidizing agent in 
acid solution. Ammonium molybdate, 
(NH,),.Mo,O.,°4H,O, is an important re- 
agent in water analysis. Sodium tungstate, 
Na,,W,,0,:28 H,O, is used in fire-proofing 


fabrics such as flannelette. 


Table XLII 


Chromium Pigments 


Compound 
Chromic oxide 
Zinc chromate (basic) 
Lead chromate 
Basic lead chromate 
Mixed lead chromate 


Formula 


(2140. 
ZuCrQ,Zn(OELDs 
PUCHO; 

PbuCrOÓ, 

PbCsQ d PbhCrO, 
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MANGANESE 

Manganese is quite abundant, although its 
American deposits are limited. It occurs mainly 
as the dioxide ore pyrolusite, MnO,. The two 
metals below it in the Periodic Table are ex- 
ceedingly rare. Technetium, Tc, and rhen- 
ium, Re, are their names. Technetium is not 
found at all in Nature although it has been pro- 
duced from nuclear reactions. Rhenium is 
found as a trace impurity in molybdenum and 
tungsten ores. Rhenium is known to possess the 
highest melting point of the metals, 3440° C. 

‘Manganese is prepared by reducing the di- 
oxide wii carbon in an electric furnace or with 
aluminum in the thermite reaction. It isa silvery 
metal with a reddish tint, and is hard and brittle. 
It is considerably more active than the rest of 
the transition metals, easily decomposing steam 
to liberate hydrogen. It is an essential constit- 
uent in all steel not only because of the tough- 
ness it imparts, but also because it acts as a de- 
oxidizer in the manufacture of steel. 

Manganese dioxide, MnO,, is a powerful 
oxidizing agent. It is used to decolorize glass 
and as a depolorizer in dry cells. Potassium 
permanganate, KMnO,, is a deep purple 
compound which is a powerful oxidizing agent 
in acid solution. It is used as a disinfectant. A 
mixture of manganous sulfate, MnSO,, and 
borax is used as a drier in paints. 


COBALT AND NICKEL 


Both cobalt and nickel are relatively abun- 
dant, especially in Canada. Cobalt occurs 
chiefly as the arsenide ore smaltite, CoAs,, 
which 1s associated with the nickel ore pent- 
landite, (Ni,Fe,Cu)S. Both cobalt and nickel 
Ores are roasted to the oxide and then reduced 
in a blast furnace. Cobalt is refined from the 
blast furnace product electrolytically. Nickel 
is refined by the remarkable Mond Process. 
In this process, the gas carbon monoxide is 
passed under pressure over impure nickel at 
100° C. forming the gaseous compound, nickel 
carbonyl: 
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Ni + 4 CO = Ni(CO),. 


Thus the nickel is literally wafted away from 
its impurities. The gaseous carbonyl is then led 
off to a new chamber where the temperature 


| is raised to 200° C., which causes it to decom- 
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pose and precipitate pure metallic nickel: 
Ni(CO), 24 CO + Ni. 


The carbon monoxide is then used again to re- 
fine more impure nickel. 

Cobalt is a silvery metal with a bluish tint. 
Like iron, it is ferromagnetic. Alloyed in steel, 
it is used in making permanent magnets. Car- 
boloy, an extremely hard alloy used in high- 
speed cutting operations, consists of tungsten 
carbide bonded with metallic cobalt. The alloy 
alnico, containing aluminum, nickel, and co- 
balt, (note symbols in name), is one of the most 
powerfully magnetic substances. 

Nickel is likewise ferromagnetic, and is a 
hard white metal which resists tarnish. It is one 
of the most important steel alloy metals. As 
nickel] plate it protects steel, copper and brass 
from corrosion. When finely divided it is an 
excellent catalyst, especially in the hydrogena- 
tion of fats and oils. The nickel coin contains 
25% nickel and 75% copper. Many other 
nickel alloys are important, especially monel 
metal used in kitchen and bathroom fixtures. 
It is made of nickel, copper, and iron. 

Cobalt salts, such as cobaltous chloride, 
CoCl, readily form hydrates. When anhy- 
drous, the cobalt 1on 1s blue, and when hy- 
drated it is pink. Thus porous paper or cloth 
impregnated with cobalt chloride become blue 
in dry weather and pink in rainy weather. 
Nickel salts are brilliant light green in color. 
Nickel dioxide, NiO,, is the cathode in the 
Edison storage battery. 


Problem Set No. 21 


1. Which ore of iron contains the greatest percent- 
age of iron? 
2. How does iron rust? 
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3. Match the following steel objects with the type 
of heat treatment most likely used in their prepa- 
ration: 


(a) File 
(b) Razor blade 
(c) Gears (teeth) 


(1) Tempering 
(2) Case hardening 
(3) Quench hardening. 


4. How may ink stains be removed? 
5. Write balanced equations for the thermite reduc- 
tion of: 


(a) Chromium. 
(b) Vanadium. 


SUMMARY 


Tron is the most important metallic element 
and is second to aluminum in abundance. Hem- 
atite, its principal ore, is reduced to pig iron 
in a blast furnace. Solidified pig iron is cast 
iron. 

Steel is made from pig iron by reducing the 
carbon content to less than 2%. It may be made 
by the Bessemer Process, the Open Hearth 
Process, or by the Electric Furnace Process. 
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The finished steel may then be heat treated 
to improve its properties. 

Chemically, iron is typical of the transition 
elements which show variable valence because 
they have two incomplete shells of electrons. 
Iron forms two series of compounds showing 
valence numbers of 2 and 3. It alloys primarily 
with other transition elements in alloy steels, 
substances which show a tremendous variety of 
properties and uses. 

Titanium is becoming an important struc- 
tural metal, and its dioxide is an important 
white pigment. Chromium is present in stain- 
less stee] and 1s extensively used as a plating on 
other metals. Many of its compounds are im- 
portant pigments because of their brilliant 
color. Tungsten is a constituent in the finest 
high speed tool steels and is used as filaments in 
light bulbs. Manganese is essential in all steel 
as a deoxidizer. Cobalt improves the magnetic 
qualities of steel. Nickel, refined by the Mond 
Process, is present in corrosion resistant alloys 
and heating elements in toasters. 


CHAPTER 20 


NON-FERROUS 


Copper, tin, zinc, and lead have been im- 
portant metals since civilization began. Copper 


is second to iron in importance among the | 


metals. These four metals are the principal 
constituents of a great variety of alloys in- 
dispensable in modern civilization. 


COPPER 


Copper isa fairly abundant metal. It occurs 
free to some extent, but most copper is ex- 
tracted from its ores chalcocite, Cu.S; chal- 


copyrite, CuFcS,; and cuprite, Cu.O. It also | 
occurs as basic carbonates in green malachite, | 


Сш (ОЛСО aiid Cos OFON CUL Б пе 
azurite. 

The sulfide ores are first concentrated by 
flotation and then roasted to the oxide before 
the reducing process begins. The roasted ore 
is then reduced in a Bessemer converter with 


coke and air, forming blister copper which is | 


about 99% pure. This product is then refined 
electrolytically (See Fig. 47) by using the im- 
pure copper as the anode, and thin sheets of 
pure copper as the cathode in a solution of 
copper sulfate. The copper in the impure 
anode dissolves during electrolysis and de- 
posits on the pure cathode. The metals less 
active than copper in the anode fall to the 
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Fig. 47. Electrolytic Refining of Copper 


ALLOY METALS 


bottom of the cell as a sludge and are recov- 
ered as by-products. The metals more active 
than copper pass into solution with the cop- 
per, but do not deposit on the cathode because 
copper ions are more easily reduced. Thus, 
the electrolytic. refining of copper, using 
copper electrodes, takes full advantage of die 
| electrochemical properties of metals and their 
| 10115. 

| Copper is a soft, extremely ductile and mal- 
| leable metal with a characteristic reddish- 
| brown color. It is easily formed into wire, 
| tubes, and sheets. It is an excellent conductor 


| of electricity and is the metal most often used 
for that purpose. Since copper is below hy- 
drogen in the activity series of metals, it is 
| not very active chemically, but oxidizing 
| acids react vigorously with it. When exposed 

for some time to moist air it becomes coated 
Е the green basic carbonate, malachite. 

This then protects the metal from further 

corrosion. It is extensively used for guttering, 
| drinking water pipes, and in cooking utensils. 
Its beauty makes it much used for ornamental 


purposes. 
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Fig. 48. Uses of Copper 


Copper alloys were the metals most used by 
man before the advent of steel. Alloys of cop- 
per and zinc are known as brass. Cartridges, 
musical instruments, hardware, and various 
types of pipes are made from brasses. Bronze 
contains copper, tin, and zinc. It is used for 
statues and medals, and primitive civilizations 
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used it for tools. Aluminum bronze is used 
for forgings, bolts and gears. Beryllium 
bronze is used for non-sparking tools. Bell 
metal is made of copper and tin. Sterling sil- 
ver contains 7 /? % copper, and U.S. silver and 
gold coins each contain 10% copper. Nickel 
coins are 75 % copper. White gold and dental 
gold both contain copper. These are but a few 
of the many important copper alloys. 

Copper is a transition metal and shows va- 
lence numbers of 1 and 2 in its compounds. 
The latter valence number is the most common. 
Copper sulfate, CuSO,°5H.O, is the most 
important copper compound. It is known as 
blue vitriol and is used as a fungicide in water 
reservoirs and swimming pools. It is used as a 
bath for copper plating and in the refining of 
metallic copper. 


ZINC, CADMIUM, AND MERCURY 

An adequate supply of zinc is extracted from 
is ores: sphalerite, ZnS; smithsonite, 
ZnCO,; and zincite, ZnO. Cadmium is quite 
rare, but is always present as an impurity in 
zinc ores. Some mercury is found free in 
Nature, but it is normally found as the sulfide 
ore cinnabar, HgS. 

Zinc ores are concentrated, roasted to the 
oxide, and then reduced by heating with car- 
bon. The impure metal obtained by this process 
contains cadmium. It 1s refined by distillation 
with the more volatile cadmium coming off 
first. Mercury is so volatile that it distills off as 
its sulfide ore is being roasted. Its vapors are 
collected and condensed. 

HgS + Оз = 50, + Hg. 

Zinc and cadmium are both silvery white 
metals. Zinc melts at 420°C. and boils at 
907° C. Cadmium melts at 320° C. and boils 
at 767° C. Both are above hydrogen in the ac- 
tivity series of metals, with zinc being more 
active. Surface oxide films protect them from 
further corrosion. Zinc hydroxide is ampho- 
teric, but cadmium hydroxide is always basic. 
Mercury 15 а liquid at room temperature, freez- 
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ing at —39° C. It boils at 357° C. Its vapor is 
poisonous. Like all metals it is an excellent con- 
ductor of electricity. Mercury is well below 
hydrogen in the activity series of metals and 
thus is not very active chemically, being at- 
tacked only by the oxidizing acids HNO, and 
concentrated H,SO,. 

Great quantities of zinc are used in galva- 
nized iron. The iron or steel is coated with 
zinc by dipping into molten zinc or by elec- 
trodeposition. Water pails, guttering, and wire 
fencing are among the many objects made of 
galvanized iron. Zinc forms the case and nega- 
tive pole of dry cells, and is used in many types 
of electrical connectors. It is likewise an im- 
portant constituent in many alloys. In brass 
and bronze it is alloyed with copper. Zinc die- 
casting is an alloy with aluminum used in 
radio and automotive parts. 
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Fig. 49. Uses of Metallic Zinc 


Because cadmium is even less active than 
zinc, it is an excellent plating metal. It is pres- 
ent in several low-melting alloys used in fire 
sprinkling systems, and in wear-resistant alloys 
used as bearings. 

Mercury is used to fill thermometers and 
barometers used in scientific work. The fact 
that it is a liquid makes it ideal for certain types 
of electrical switches. Mercury vapor lamps are 
commonly used in lighting and the vapor is 
commonly used in “neon” signs. Alloys of 
mercury are called amalgams. Mercury is 
commonly used as a cathode in industrial elec- 
trolytic cells where it absorbs the metal being 
deposited as an amalgam and is later separated 
from it by distillation. 
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Fig. 50. Uses of Mercury 


Zinc oxide, ZnO, is an important white 
paint pigment. It is used as a filler in the making 
of tire rubber, and its antiseptic properties are 
utilized in salves. A paste of zinc oxide and con- 
centrated hydrochloric acid sets as a hard ce- 
ment and is used in dentistry. Zinc chloride, 
ZnCl, is used as a wood preservative and as а 
flux in soldering and brazing. Cadmium sul- 
fide, CdS, 1s a yellow paint pigment. Mercu- 
rous chloride, Hg;Cl,, is known as calomel 
and is used as medicine to stimulate the secre- 
tion of bile by liver. Mercurie chloride, 
HeClh, 15 known as corrosive sublimate, and 
is a deadly poison. It is used as a germicide. 
Mercury fulminate, Hg(ONC),, explodes 
when struck. It 1s of great military importance 
as a primer in the firing of ammunition. 


GALLIUM, INDIUM, AND THALLIUM 


These three very rare metals have only re- 
cently been exploited. They are found as im- 
purities in the sulfide ores of common metals, 
and are being marketed as by-products. Their 
low melting points make them valuable in low- 
melting alloys. Gallium, Ga, melts at 30° C. It 
will turn to liquid in the palm of one's hand. 
Indium, In, melts at 161? C. and thallium, 
TI, melts at 303? C. Indium is likewise used as 
a protective coating for iron or stecl, particu- 
larly in certain types of bearings. These metals 
have no important compounds. 


GERMANIUM, TIN, AND LEAD 


Although none of Rims metals are very abun- 
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dant, tin and lead occur concentrated in easily 
worked deposits, while germanium, which is 
at least as abundant as tin, is thinly distributed 
and is therefore less well known. Germanium 
is usually found associated with the sulfide ores 
of the common metals. The chief ore of tin is 
cassiterite, SnO, which is found in Malaya 
and Bolivia. Galena, PbS, is the chief source of 
lead, although this metal is also extracted from 
cerussite, PbCO,; anglesite, PbSO,; and 
crocoite, PbCrO,. 

Tin 1s easily reduced from its oxide ore by 
heating with carbon: SnO,+2C=2CO+Sn. 
If the process is carried out in a sloping furnace, 
the molten reduced metal flows from the fur- 
nace into molds. 

Lead is reduced from its sulfide ore by a 
process of partial roasting followed by reduc- 
tion. The sulfide is first heated to a relatively 
low temperature in air causing part of the sul- 
fide to react as follows: 

2 PbS + 3 О, = 2 PbO + 2 50. 
PbS + 2 О, = PbSO,. 


Then the temperature is raised to the smelting 
temperature where the remaining lead sulfide 


reacts with the products formed above as fol- 
lows: PbS + 2 PbO = 3 Pb + SO.. 


PbS + PbSO, = 2 Pb + 2 50}. 


The molten lead runs from the smelter and is 
cast into molds. 

Germanium may be extracted from the resi- 
dues of refined lead or zinc electrolytically or 
by fractional crystallization. 

Germanium is hard and brittle, and is a rela- 
tively poor conductor of electricity. However, 
its crystals have the property of being able to 
rectify alternating current, and for this reason 
crystals of germanium are now important as 
transistors in the electronics industry. 

Tin is a soft, white, low-melting metal. 
When exposed to cold weather for an extended 
time, it reverts to an allotropic form known as 
tin disease. It is only slightly above hydrogen 
in the activity series of metals and so is only 
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moderately active chemically. It exhibits va- 
lence numbers of 2 and 4 in its compounds. It 
does not tarnish in air, being protected by a 
thin oxide film. It is used chiefly as tin-plate 
in the protection of iron and steel, and in many 
important non-ferrous alloys (Table XLII). 

Lead issoft, non-elastic, low-melting, bluish- 
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Fig. 51. Uses of Tin 
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white metal that becomes dark gray in air from 
an oxide film. This film then protects the metal 
from further oxidation. Lead is just above hy- 
drogen in the activity series and is not seriously 
attacked by acids at ordinary temperatures. 
Water containing dissolved oxygen slowly 
oxidizes and dissolves lead, thus making it unfit 
for drinking water piping, for all lead salts 
are poisonous and lead accumulates in the 
body. Lead, like tin, exhibits valence numbers 
of 2 and 4 in its compounds. Lead is used ex- 
tensively for piping and as a coating around 
telephone and other electric cables to protect 
them from corrosion. It is a vital alloy metal. 
Table XLII describes some of the important 
lead and tin alloys. 

Stannic chloride, SnCl, is an important 


Table XLIII 
Alloys of Lead and Tin 


Alloy Composition Properties Uses 
Babbitt Metal Sn 89, Sb 7.3, Cu 3.7 Soft, low friction Bearings 
Battery Plate") Db 942b 6 Easily cast Batteries 
Bearing Metal 5n75,5b 12.5, Cu12.5 Soft, low friction Bearings 
Bell Metal Guys бп 2,5 Clear tone when struck Bells 
Bronze Cu 88, Sn 10, Zn 2 Corrosion resistant, Bearings, cast- 

easily cast ings, statues 
Fuse Metal Bi 50, Ca 10, Low melting Fuses, safety 
Pb 26.6. оп 13.3 fire sprinklers 
Lead Foil Р or eon) 2) Cul Malleable, inert Wrappings for ciga- 
Тее еве 
Pewter BD /5. om 25 Soft, easily worked Ornamental ware 
Rose Metal Sn 22.9, Pb 27.1, Bi50 Low melting Safety fire 
sprinklers 
Shot Pb 99.5, As 0.5 Hard Shotgun shot 
Solder Вриб Эр Low melting Soldering 
Silver Solder Sn 40, Ag 40, Low melting Soldering 
Cu 14, Zn 6 
Type Metal ^| Pb 82, 56 15, 5n 3 Low melting, ex- Printing type, 
pands on cooling castings 
Wood’s Metal Bi 50, Pb 25, Low melting Fuses, safety 


ЭГ Canary 


fire sprinklers 
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Fig. 52. Uses of Lead 


intermediary in the recovery of tin from tin 
cans and other tin-plated objects. Chlorine gas 
is passed over the tin forming the liquid chlo- 
ride: Sn + 2 Cl; = SnCk. 


This is then dissolved in water and boiled, 
causing stannic oxide to precipitate: 


5пС + 2 H20 = SnO; + 4 НСІ. 


Metallic tin is then reduced from the oxide by 
heating with carbon. 

Litharge, PbO, red lead, Pb,O,, and white 
lead, Pb;,(OH),(CO;), are all important 
paint compounds. Paints normally contain 
five ingredients: 


a. A base, such as white lead, zinc oxide, or 
titanium oxide. 

b. A vehicle, such as linseed oil. 

c. À thinner, such as turpentine. 

d. A drier, such as Japan drier which con- 
tains manganese compounds. 

e. À pigment to impart the desired color. 


Lead dioxide, PbO,, is a brown powder ob- 
tained by the electrolytic oxidation of lead. It 
is an essential part of lead storage batteries. Im- 
pregnated in a grating of battery plate, it forms 
the cathode of the cell. Spongy lead, a porous 
electrically-deposited form of lead metal, is 
impregnated in another grating of battery plate 
to form the anode of the cell. The discharge 
reaction of the lead storage cell is: 


Pb + PbO, + 2 H5SO, = 2 PbSO, + 2 H20. 
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Heat shortens the life of a storage battery by 
causing the lead dioxide to decompose: 


Tetraethy] lead, (C.H;),Pb, is added in small 
quantities to gasoline to prevent engine knock. 


Problem Set No. 22 


1. What is the green deposit that forms in a sink 
from a dripping faucet, and what is the origin of 
its constituents? 

2. How does the electrolytic refining of copper 
using copper electrodes take full advantage of the 
electrochemical properties of metals and their 
ions? 

3. Write equations for the reduction of zinc from 
sphalerite. 

4. Give one application of each of the following 
metals which would make it critical in a national 
emergency. (a) Copper. (b) Tin. (c) Mercury. 

5. Why is lead unfit for use as pipes for drinking 
water? 


SUMMARY 


Copper is second to iron in importance 
among the metals. It is fairly abundant, occur- 
ring free and in several important ores. Its sul- 
fide ores are concentrated, roasted, and then re- 
duced in a Bessemer converter. The impure 
copper is refined electrolytically. Copper is 
used as an electrical conductor and in piping. 
Its principal alloys are brasses, bronzes, and 
coinage metals. 

Zine and mercury are likewise obtained 
from sulfide ores. Much zinc is used in galva- 
nized iron and in alloys, particularly brass 
and zinc die-casting. Mercury is a liquid, and 
is used in thermometers, barometers, and elec- 
trical switches. 

Tin is reduced by carbon from its oxide ore. 
It is used primarily as tin-plate and in low- 
melting and bearing alloys. 

Lead is obtained from its sulfide ore by par- 
tial roasting followed by smelting. It is used 
in piping, in batteries, and in low-melting al- 
loys. Red lead and white lead are important 
ingredients in paint. 


CHAP DEK 21 


THE NOBLE AND RARE METALS 


Silver, gold, and platinum are called the 
noble metals because they occur free in Na- 
ture. However, the term may likewise be used 
with reference to any of the other metals of low 
chemical activity which are found in the free 
state, A metal found free is also referred to as a 
native metal. 


SILVER AND GOLD 


The use of these two metals as coinage and 
for ornamental ware has caused them to be as- 
sociated with wealth and the finer things of life. 
As a matter of fact, iron, copper, and other 
common metals are of much more economic 
value than these, and some of the rare metals 
cost considerably more per pound. 

Silver is found free and as the sulfide argen- 
tite, Ag.S, usually associated with copper and 
lead sulfide ores. Most of the metallic silver 
produced is obtained from the anode slimes 
from the electrolytic refining of copper and 
lead. Silver is also obtained from lead produced 
by the smelting process. Zinc is stirred into 
molten lead, but the two molten metals are im- 
miscible. Silver dissolves in the zinc which 
floats on the lead and is skimmed off. The zinc 
is then distilled away from the silver. This is 
known as the Parkes Process. Silver is ex- 
tracted from silver ore by treating the crushed 
ore with sodium cyanide, which dissolves the 
silver sulfide. Metallic zinc is then added to re- 
duce the silver from solution, the reaction being 
a direct application of the activity series of 
metals. Silver is refined electrolytically. 

Gold is usually found free as nuggets in 
quartz rock formations or as grains or flakes in 
sands formed by the weathering of siliceous 
minerals. Gold-bearing rock is crushed and 
treated with sodium cyanide which dissolves 
the gold just as in the case of silver. Again zinc 
is added to cause the less active gold to precipi- 


tate from solution. The high density of gold 
(19.3) is utilized in panning and sluicing 
operations in which water washes away the less 
dense rock leaving the heavy gold particles be- 
hind. Mercury is frequently used to absorb gold 
from sand as an amalgam, The amalgam is then 
heated to drive off the mercury. Gold is re- 
fined electrolytically. 

Silver is a bright lustrous metal which is soft 
and very malleable. It ts easily worked into 
complex shapes, and hence is much used for 
jewelry and tableware. It is extensively used as 
a plating metal, being deposited electrolytically 
from cyanide solutions. Its ability to reflect 
light is utilized in mirrors. It is not corroded by 
the atmospheric gases, but sulfur compounds 
tarnish it badly forming black silver sulfide, 
Ag.S. Tarnished silver objects may be cleaned 
by boiling them in water containing a spoon- 
ful of baking soda in an aluminum pan. An elec- 
trochemical reaction takes place in which 
aluminum dissolves as ions and silver ions in 
the sulfide are redeposited on the surface of the 
object. The baking soda serves as an inert elec- 
trolyte. The overall reaction 15: 

3 AgS+2 Al+6H,O=2 АКОН): +3 H:S +6 Ag. 
Buffing the object then restores the luster of the 
silver. 

ExPERIMENT 29: Place a tarnished silver spoon in a 
clean aluminum pot and cover it with water to a 
depth of 1-2 inches. Add a teaspoon of baking soda. 
Boil for several minutes. Remove the silver spoon 
and buff it with a soft cloth. 

Silver is attacked by nitric and concentrated 
sulfuric acids, but it is inert to alkalis. 

Pure silver is too soft for use as coinage and 
tableware. Consequently, a little copper is al- 
loyed with it to harden and strengthen it. Ster- 
ling silver contains 7/4 95 copper, and USS. 
silver coins contain 10% copper. The amount 
of silver in an alloy is often indicated as fine- 
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ness, which is the parts by weight of silver per 
1000 parts of alloy. Thus, U.S. coinage is 900 
fine. 

The yellow color and the luster of gold are 
well known. It is a soft metal and is extremely 
ductile and malleable. It can be drawn into 
extremely fine thread, and is beaten between 
sheets of parchment paper into gold leaf as 
thin as 0.00002 mm. thick. It is very inert to 
ordinary reagents, although chlorine gas will 
corrode it. It dissolves in aqua regia forming 
a solution of chlorauric acid, HAuCl,. 

Gold leaf, used in window signs, book bind- 
ing, electrical instruments, and for various 
decorative purposes, is the chief application of 
pure gold. The gold used in coinage, jewelry, 
and dentistry are alloyed with other metals to 
give it hardness. Copper, nickel, and zinc are 
usually used. U.S. gold coins contain 80% 
gold and 10% copper. The gold content of 
these alloys is rated in carats, indicating the 
parts by weight of gold in 24 parts by weight 
of alloy. 
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PHOTOGRAPHY 


Silver halides are sensitive to light energy. 
The precise nature of this sensitivity has not 
yet been fully explained, but when light strikes 
the silver ions in these salts they become more 
susceptible to chemical reduction. This phe- 
nomenon is utilized in photographic film and 
paper. 

Photographic film consists of a thin sheet of 
plastic called cellulose acetate on which there 
is a thin film of silver bromide and silver iodide 
suspended in gelatin. There are four basic steps 
involved in obtaining a picture from photo- 
graphic film: exposure, developing, fixing, and 
printing. 

During exposure, light is permitted to strike 
the sensitive layer on photographic film. The 
silver ions struck by the light are made sus- 
ceptible to easy reduction to metallic silver in 
direct proportion to the intensity of the light 
striking the ions. It should be pointed out that 
examination of the silver salts after brief ex- 
posure does not reveal any evidence of either 


Table XLIV 
Alloys of Noble Metals 


Alloy 
Sterling Silver 


Composition 
Ад 5+ Сл 745 
U.S. Silver Coins Ag 90, Cu 10 


U.S. Gold Coins Au 90, Cu 10 


Au 755 Аме 12:5 
(Cue 5 


18-carat Yellow 


Gold 


18-carat White 
Gold 


Inlay 


Am M Ca pow 
NDT OE SZN 

Ay 90, Ac 15, Cu 7, 
Pn 0.5, Pt 1.0 


14-carat Dental 50 Au, 33 Ag, 17 Cu 


Gold 


Uses 
Coinage, jewel- 
ry, tableware 


Properties 
Corrosion resistant, 
easily worked 


Corrosion resistant, Coinage 


durable 


Corrosion resistant, 
durable 


Corrosion resistant, 
easily worked 


Coinage 


Jewelry, ac- 
cessories 


Jewelry, ac- 


cessorles 


Corrosion resistant, 


easily worked 
Corrosion resistant, Decoration 
easily worked 
Dental fillings 


and braces 


Corrosion resistant, 
easily worked 
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chemical or physical change in the ions, al- 
though prolonged exposure will cause a reduc- 
tion to fine specks of jet black metallic silver 
known as colloidal silver. 

In the developing process, the exposed film 
is immersed in a solution of a mild reducing 
agent such as pyrogallol, C;FI; (OH), or hy- 
droquinone, C,H,(OH), These reducing 
agents cause a reduction of only the silver ions 
made sensitive by light during exposure. The 
developing solution also contains Na,COs, so- 
dium carbonate, because the developing action 
takes place only in mildly alkaline solution, and 
sodium sulfite, Na;SO;, which prevents attack 
upon the developers by atmospheric oxygen. 
The developed film is thus coated with black 
colloidal silver wherever white light originally 
struck it. Hence it is called a negative. When 
the developing is completed, the film is dipped 
into a solution of acetic acid which neutralizes 
the sodium carbonate and thus stops the reduc- 
ing action of the developers. 

In the fixing process, the unexposed silver 
salts are removed from the film. The fixing 
solution contains sodium thiosulfate, Ма„5„О,. 
This is known as hypo. It reacts with the silver 
salts still in the gelatin as follows. 


2 AgBr + 3 М№а,5,О; =2 NaBr + NagAge(S20s)3. 


Both the sodium bromide and the sodium silver 
thiosulfate formed in this reaction are soluble, 
and thus the fixing solution washes the silver 
salts from the film. The fixing solution also 
contains a little acetic acid and some alum 
which serves to harden the gelatin film. When 
the fixing is completed, the film is thoroughly 
washed with water to remove the excess hypo 
which would otherwise bleach the negative. 
The negative is then dried. 

In the printing process, the developed nega- 
tive is held against a sensitized film on the print- 
ing paper. The film on this paper usually con- 
tains silver chloride suspended in gelatin. Sil- 
ver chloride is less sensitive to light than the 
other silver halides. Light is then permitted to 


165 


pass through the negative to strike the silver 
ions on the printing paper. This exposes them 
just as the original film was exposed, except 
that this time the light strikes most heavily on 
areas that were dark when the original picture 
was taken. The black silver on the negative 
shields the bright areas in the original object. 
The exposed printing paper is then developed 
and fixed in the same manner as the film. The 
finished print is thus a reproduction of the 
original object and is known as a positive. 
The film used in color photography has three 
sensitized layers each containing a dye which 
is absorbed by metallic silver in the layer to pro- 
duce the three primary colors, red, yellow, and 
blue, when the film is developed. When white 
light is passed through the developed film, not 
only are the light and dark areas of the object 
reproduced, but also all the hues and shades of 
its colors. The printing of colored film involves 
the use of special paper with several layers of 
silver salts containing dyes capable of reflect- 
ing the colors of the original object when the 


paper is developed. 
THE PLATINUM METALS 


The six metals below iron, cobalt, and nickel 
in the Periodic Table are known as the platinum 
metals. The first three, ruthenium, Ru, rho- 
dium, Rh, and palladium, Pd, are the light 
platinum metals, and the last three, osmium, 
Os, iridium, Ir, and platinum, Pt, are the heavy 
platinum metals. They are all very inert except 
toward alkalis, and all occur free in Nature. 
They are quite rare and very expensive, Os- 
mium has the greatest density of all the ele- 
ments weighing 22.5 grams per cc. None of 
them have important compounds. 

Platinum is the most important of these 
metals, being used especially in jewelry because 
it does not tarnish and is easily worked. It is 
likewise used in dentistry and in the construc- 
tion of electrical apparatus where its excellent 
conductivity is utilized. Finely divided plati- 
num is an important industrial catalyst, es- 
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pecially in the Contact Process of making sul- 
furic acid. The international standards of 
weights and measures are made of platinum- 
iridium alloys. 

THE RABE EARTH METALS 


The last remaining metals of the periodic 
table include scandium, Sc, yttrium, Y, and the 
29 metals of the Lanthanide and Actinide series 
of rare earth metals. All of these metals are 
extremely rare, with uranium being the most 
abundant. The fact that the rare earth metals 
differ structurally only in the third outermost 
shell of electrons makes them extremely diffi- 
cult to separate and isolate. Thus, the uses of 
these metals are very few. Uranium, U, tho- 
rium, Th, and plutonium, Pu, have isotopes 
which are sources of atomic energy, a matter 
to be discussed in the last chapter. An alloy of 
cerium, Ce, and iron, known as Auer metal, 
gives off sparks when struck, and is conse- 
quently used in pocket lighters as "flints" and 
as tracer lights in tracer bullets. A mixture of 
cerium and thorium oxides forms the wick of 
gas mantel lamps. Cerium sulfate, Ce(SO,),, 
is used in analytical chemistry. Uranium hexa- 
fluoride, UF,, was the gaseous compound uti- 
lized in separating the uranium isotopes in mak- 
ing the original atomic bomb. None of the 
other compounds of these elements are com- 
mercialy important. 


Problem Set No. 23 


1. Would a noble metal serve as an effective sacri- 
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ficial anode (See Chapter 11)? 

2. What is aqua regia? 

3. To what do the terms “fineness” and “‘carats” re- 
fer? 

4. Could you suggest a method of recovering silver 
from used fixing solutions? 

5. Using the table of atomic weights on the inside 
of the front cover of this book, list the names of 
the Lanthanide and Actinide Series of metals. 


SUMMARY 
Noble metals, particularly silver, gold, and 


platinum metals, are very inert and occur free 
in Nature. 

Silver is extracted from its ores by the cya- 
nide process, but most silver is obtained as a by- 
product from the electrolytic refining of other 
metals. The Parkes Process is a method of ob- 
taining silver from lead in the impure state. 

Gold is found free, and is also separated from 
rock by the cyanide process. 

Silverware may be cleaned by boiling it in 
a solution of baking soda in an aluminum pan. 

The sensivity of silver halides to light makes 
them useful in photography. Color photog- 
raphy combines dyes with the sensitive silver 
salts on the film and printing paper to produce 
the colored reproductions of objects. 

Platinum is the most important of the six 
platinum metals, and is extensively used in 
jewelry. 

'The rare earth metals are not only rare, 
but their structural similarity makes it difficult 
to isolate them. 


CHAPTER 22 


ORGANIC CHEMISTRY 


Early scientists discovered that the com- 
pounds of carbon showed a different chemical 
behavior than the compounds of the other ele- 
ments. They react more slowly, in general, 
and have a tendency to form equilibrium mix- 
tures rather than go to completion in their re- 
actions. The conditions of temperature and 
pressure affect reactions of these substances 
much more than in the case of the compounds 
of other elements, and it was soon discovered 
that it frequently happens that carbon com- 
pounds of entirely different properties have 
the same percentage composition. Since these 
compounds were originally obtained from liv- 
ing things or from the remains of living things, 
like coal, the study of these compounds was 
called organic chemistry. It was later dis- 
covered that organic compounds could indeed 
be formed from wholly inorganic raw materi- 
als. 

The field of organic chemistry is so vast that, 
despite the fact that thousands of organic com- 
pounds are in daily use, only a tiny fraction of 
the possible compounds are being utilized. Yet 
organic chemicals play a vital role in the life of 
every person in his food and beverages, in drugs 
and medicines, in textiles and dyes, in plastics 
and roads, as fuels or refrigerants, as explosives 
or adhesives. 

The key element present in all organic chem- 
icals is carbon. It has a valence of 4, for it has 4 
electrons in its outermost shell which are used 
in forming covalent bonds with atoms of hy- 
drogen, oxygen, the halogens, nitrogen, sul- 
fur, and other carbon atoms. Unlike the situa- 
tion in inorganic chemistry where electrova- 
lent, ionic compounds predominate, the prop- 
erties and chemistry of carbon compounds are 
intimately related to the non-ionic, covalent 
bonds present in these compounds. Single, 


double, and even triple covalent bonds between 
a single pair of atoms, especially carbon atoms, 
are encountered. More specifically, the prop- 
erties and chemistry of carbon compounds are 
related to three factors: 


1. The number of carbon atoms in the mole- 
cule. 

2. The type of bonding (single, double, or 
triple) present. 

3. The kinds of functional groups present 
in the molecule. 


Simple organic molecules have been isolated 
which contain 60 or more carbon atoms, and 
complex molecules consisting of endless chains 
of structural units, like starch or rubber, con- 
tain staggering numbers of carbon atoms. In 
general, an increase in number of carbon atoms 
tends to increase the melting and boiling point 
of the compounds and to reduce the chemical 
activity of them. 

A single covalent bond consists of a single 
pair of electrons shared between two atoms. 
Double bonds involve two shared pairs of elec- 
trons, and triple bonds involve three shared 
pairs. The bonding in organic compounds is 
usually indicated by dashes as in the following 
examples: 


Single Double Triple 


H H 
=I 
li H—CEC—H 


rA 


Tm ia 87 Ethylene—C,H, Acetylene—C,H, 

In general, the single bond is the least active 
chemically. The double bond is more reactive, 
and compounds containing double bonds are 
somewhat more volatile than corresponding 
singly bonded compounds. The triple bond is 
the most active chemically, and the volatility 
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is still greater in compounds containing this 
type of bond. 

The functional groups of organic chemistry 
are similar to the radicals of inorganic chemis- 
try, in that they behave as a unit in entering or 
leaving an organic molecule and infuse particu- 
lar properties in molecules possessing them. 
Table XLV gives the names and formulas of 
the principal functional groups. 


as well as their composition. Consider ethy] 
alcohol. It is composed of an ethyl group, 
—C,H;, combined with an alcohol group, 
—OH. Its complete structural formula is indi- 
cated as follows: 


H H 
H—C—C—O-—H (ethyl alcohol) 
H H 


Frequently, in order to conserve space and 


Table XLV 


Organic Functional Groups 


Formula 
—CH, 


Name 
Methyl 


Ethyl С.Н, 


Propyl —GH, 


Butyl 2st i 


Phenyl 
Chloro 


Bromo 
Iodo 
Fluoro 


The dashes in the formulas of the functional 
groups in Table XLV indicate the location of 
the bonds available for attachment to basic 
organic molecules, or to other groups. 
Because the chemistry of organic compounds 
is so closely related to the functional groups 
present in the molecules, the usual empirical 
formulas of compounds showing only the ratio 
of the number of each type of atom present in 
the molecule is not sufficient to indicate just 
which compound is under consideration, In- 
stead, structural formulas are used. The 
formulas of organic compounds must indicate 
in some manner the structure of the molecules 


Name Formula 


Alcohol, or 
Hydroxy 


Aldehyde 
Ketone 


Acid 
Ether 
Ester 
Nitrile 
Amino 
Nitro 


time, a modified formula known as a con- 
densed structural formula is used to repre- 
sent an organic compound. In the case of ethyl 
alcohol, the condensed structural formula 
would be C;H,OH. Note that this formula 
indicates clearly the functional groups present, 
but it is less effective in showing exactly where 
the bonds are located, especially the carbon- 
oxygen bond observed in the complete struc- 
tural formula above. 

The empirical formula of ethyl alcohol 
would be C,H,O. This in no way indicates the 
functional groups present. Furthermore, there 
are many instances in organic chemistry when 
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different compounds possess identical empirical 
formulas. For example, CH;OCH,, dimethyl 
ether, has the same empirical formula as ethyl 
alcohol, but it has totally different properties 
because it possesses different functional groups. 
Different compounds possessing the same em- 
pirical formulas are known as isomers. 

There are two basic types of organic reac- 
tions, depending upon the bonding involved. 


1. Substitution Reactions. This type of 
reaction usually involves the single covalent 
bond and it results in the replacement of one 
atom or functional group by another. For ex- 
ample, if the gas methane, CH,, is treated with 
chlorine gas in the presence of ultra-violet light, 
the following series of reactions take place, 
each involving the substitution of a chlorine 
atom for a hydrogen atom: 


CH, + Cl; = НСІ + CH;Cl (Methyl chloride) 
CH;CI + Cl; = НСІ + CH;Cl;( Methylene chloride) 
CH2Cl, + Cl; = НСІ + CHC]; (Chloroform) 
CHCl; + Cl; = НСІ + CCl, (Carbon tetrachloride) 


It should be pointed out that each of the prod- 
ucts from this series of reactions is commer- 
cially important: methyl chloride as an anes- 
thetic, methylene chloride as а solvent, 
chloroform as a solvent and as an anesthetic, 
and carbon tetrachloride as a solvent, 

2. Addition Reactions. This type of re- 
action involves only double or triple bonds, 
resulting in the splitting of one of the bonds 
and the addition of a functional group to each 
of the original atoms in the multiple bond. For 
example, ethylene, H,C=CHz, adds chlorine 
gas readily with one chlorine atom going to 
each of the carbon atoms: 

Н.С = CH; + Cl; = CH;CICH;CI. 
(Dichloroethane). 

The compounds of organic chemistry may 
be divided into two general classes, aromatic 
and aliphatic. Aromatic compounds all con- 
tain a molecular structure consisting of one or 
more benzene rings. Benzene, C,H,, is the com- 


pound of this class and has its six carbon atoms 
arranged in a hexagon with alternate single 
and double bonds between them. One hydro- 
gen atom is bonded to each carbon atom. The 
structure may be represented: 


H H 
nds C-H 
YN os 
Рег 
H H 


Benzene 


Other functional groups may then replace the 
hydrogen atoms to form an almost endless 
variety of aromatic compounds. 

Aliphatic compounds include all organic 
compounds which do not possess a benzene 
ring. Their basic structure involves chains of 
carbon atoms which may be either straight, but 
puckered or coiled, or branched. The carbon 
atoms may also be arranged in rings which are 
different from the benzene ring. Such com- 
pounds are called alicyclic compounds. Again, 
an almost endless variety of compounds of this 
class are possible. 

From the point of view of composition, the 
most common organic compounds fall into the 
following classes: 


1. Hydrocarbons. 

2. Oxidation products of hydrocarbons in- 
cluding alcohols, aldehydes, ketones, and 
acids. 

. Ethers. 

4. Esters. 

5. Derivatives, which are basically hydro- 

carbons which have one or more hydro- 
gen atoms replaced by functional groups. 


6. Carbohydrates. 


The basic organic compounds which serve 
as raw materials for the preparation of the many 
specific synthetic compounds are obtained 
from three sources: 


1. Coal tar. When coal is heated in the ab- 
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sence of air (destructive distillation) in huge 
ovens to form coke, all of the volatile matter 
escapes from the coal. It is collected and con- 
densed to a black tarry liquid called coal tar. 
This is the chief source of aromatic hydrocar- 
bons. 

2. Petroleum, and natural gas. Petroleum 
is a mixture of principally aliphatic hydrocar- 
bons. Many of these are liquid at ordinary tem- 
peratures, and these in turn serve as solvents for 
low molecular weight compounds which 
would otherwise be gases, and high molecular 
weight compounds which would otherwise be 
solids. Natural gas consists of the very light 
hydrocarbons which have escaped from the 
petroleum solution. Petroleum is thus the chief 
source of aliphatic hydrocarbons. 

3. Plant life. Plants form the principal 
source of the carbohydrates: sugar, starch, and 
cellulose, as well as some special hydrocarbons 
such as turpentine and natural rubber. 


HYDROCARBONS 


Hydrocarbons are compounds of carbon 
and hydrogen. Several important families of 
hydrocarbons, each containing many com- 
pounds, are well known. Such families of hy- 
drocarbons are known as homologous series, 
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and all the members have formulas which fit 
the general formula of the series. The principal 
homologous series of hydrocarbons are sum- 
marized in Table XLVI. 

Although the alkene and cycloparaffin series 
have the same formula, they behave chemically 
quite differently. In the alkene series there is a 
double bond present between two carbon 
atoms which greatly increases the chemical re- 
activity of these hydrocarbons. In the cyclo- 
paraffin series, the carbon atoms are joined to 
each other forming a ring. Such a structure is 
relatively inert. 

Both the paraffin and the cycloparafhn series 
are said to be saturated because they contain 
only single bonds. The other series are all un- 
saturated because they contain either double 
or triple bonds. Because of their widespread and 
important uses, some of the hydrocarbons de- 
serve special mention. 

Methane, CH,. This gaseous compound is 
the chief ingredient of natural gas. Under the 
name marsh gas it escapes from peat bogs and 
is responsible for the eerie will-o'-the-wisp ob- 
served when it becomes ignited over these 
swamps. Under the name fire damp it is the 
gas which escapes from coal and has been re- 


Table XLVI 


Homologous Series 


Name Formula 

Methane, Alkane, СА Ер 

or Paraffin 
Ethylene or 

Alkene CHa 
Acetylene or 

Alkyne С.Н, — 2 
Cycloparaffin 

or Naphthenes CER: 
Benzene Cua 6 


Familiar Members 


Methane—CH,; Ethane—C.H,; 
Propane—C;FH,; Butane—C,H,; 
Octane—C,H,;;. 


Ethylene—C;H.,. 
Acetylene—C;H,;. 


Cyclopentane—C;H;,. 
Benzene—C,H,; Toluene—C,H,CHs. 
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sponsible for many disastrous mine explosions. 
It is highly combustible and is an excellent fuel. 
Like all of the other basic ydrocarbons, it is 
an important raw material Ser the manufacture 
of synthetic organic chemicals. 

Ethane, C-H.. This gas makes up about 
10% of natural gas. Its uses are similar to those 
of methane. 

Propane, C,H,. This is one of the com- 
monly used ingredients in bottled gas, It is also 
used as a high pressure solvent. 

Butane, C,H,,. In addition to being useful 
as a bottled gas and as a solvent, butane is used 
in the production of high test gasoline. Actu- 
ally there are two butanes, normal butane 
containing a straight chain of carbon atoms, and 
iso-butane which has a branched carbon chain. 
It is this isomer which is used in making special 
gasoline. The prefix "normal" (n-) always re- 
fers to a straight chain of carbon atoms. The 
prefix “‘iso-” always refers to a branched chain 
of carbon atoms. The structures of the isomers 
of butane are as follows: 


инин ины 
H—C—C—C—C—-H H-C- c—C_H 
ined] ў | | 
HHH H | H 
H-C-H 
H 
n-Butane iso-butane 


Octane, С,Н,,. This compound has 18 iso- 
ingens, one of which, (CH,)QCCH;CEI(CH;);, 
iso-octane, is the reference compound for 
rating the octane number of gasoline. By 
definition, the octane number of a gasoline is 
the percentage of iso-octane which must be 
added to n-heptane, СН», to cause a standard 
engine to operate with the same characteristics 
as the gasoline being tested. Pure iso-octane 
has a rating of 100. High test automotive gaso- 
lines now have octane numbers between 90 and 
98. Aviation gasolines have octane numbers 
above 100, which simply means that they give 
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better performance in the standard engine than 
pure iso-octane. 

Petroleum refining. In the refining of 
petroleum many useful mixtures of hydrocar- 
bons are made available. The basic process in 
refining is fractional distillation which 
separates the various products according to 
ranges of boiling points. The products formed 
by the initial distillation of crude petroleum are 
known as straight run products. Table 
XLVII gives the main products formed to- 
gether with other pertinent information about 
them. 


Table XLVII 
Petroleum Products 


No. of 
Carbon 
Atoms 
Present 
1—4 
4-12 


Boiling 
Range 
Кё 
Below 32 
40—200 


Name 
Gas 


Gasoline 
Naphthas 
(Benzine) 
Kerosene 
Fuel Oil 
Lubricating 
Oil 
Wax 
Asphalt 


50—200 
175—275 
200—300 


7-12 
12-15 
15-18 


16—20 
20—34 
Large 


Above 300 
Above 300 
Residue 


Note that benzine is another term for the 
liquid naphthas which are used as cleaning flu- 
ids. This should not be confused with the aro- 
matic hydrocarbon benzene, C,He. 

Since gasoline is only a small portion of the 
straight run product, and since the demand for 
it is so great, other steps are introduced into 
the refining process to increase the yield of gas- 
oline. The two basic steps are: 

1. Polymerization. In this process, mole- 


cules containing less than the proper number of 
atoms of carbon for gasoline are caused to be 
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linked together to form larger molecules which 
fit into the gasoline range under the influence of 
proper catalysts. 

2. Cracking. In this process, the large mole- 
cules from the products beyond the gasoline 
range are broken apart to fit the gasoline range 
either by heat or by catalytic action. 

Refined gasoline, especially high test gaso- 
line, may contain additives to assist in its proper 
combustion. In 1922 (C,H;),Pb, tetraethyl 
lead, was first added to gasoline to prevent 
knocking, a condition created when the gaso- 
line is ignited too soon in the engine. Since the 
combustion of tetraethyl lead causes deposits 
of metallic lead to form on spark plugs and in 
the cylinders, ethylene dibromide, C;H,Br,, 
was then added to remove the lead as volatile 
lead bromide, РЬВг,. As engine compression 
ratios increased, some manufacturers found 
that the lead was no longer being efficiently re- 
moved. In 1953, the use of organic phosphates 
was introduced as additives, Mono-, di-, and 
tri-cresyl phosphates, the latter known as T CP, 
render lead deposits on spark plugs non-con- 
ducting thus combatting pre-ignition knock- 


ing. 

Rubber, (C;H;),. Natural rubber consists of 
tremendously long chains of polymerized C,H, 
units. The long molecules are coiled and are 
easily stretched. When rubber is vulcanized, 
sulfur atoms become bonded between carbon 
atoms of different chains resulting in better 
wearing properties over a wider temperature 
range. The addition of fillers like zinc oxide 
and carbon black makes the rubber less suscep- 
tible to oxidation. 

Benzene, C,H,. This liquid is the funda- 
mental hydrocarbon of the aromatic class. It 
is one of the principal ingredients of coal tar 
and is refined from it by fractional distillation. 
It is an important solvent and a fundamental 
raw material from which a multitude of other 
chemicals are made. 


Toluene, C,H,CH;. This compound may 


also be called methyl-benzene. It is obtained 
along with benzene from coal tar and 15 used 
both as a solvent and as a raw material for mak- 
ing other chemicals, including explosives like 
trinrerotoluenes T NI) Сы. QNO DE 

Naphthalene, СН. This white crystal- 
line solid has long been used as moth balls. It is 
obtained from coal tar and is likewise a raw 
material for preparing other chemicals. It has 
a structure consisting of two benzene rings 
joined side by side. 

Anthracene, C,,H,,. This crystalline fluo- 
rescent solid is also obtained from coal tar, and 
it is used in the preparation of dyes. Its struc- 
ture consists of three benzene rings joined side 
by side. 


OXIDATION PRODUCTS 
Hydrocarbons are highly combustible sub- 


stances which burn when vigorously oxidized 
to form CO, and H,O. However, if the oxida- 
tion of hydrocarbons is carried out gently, a 
number of important intermediate compounds 
can be formed. The mild oxidation of hydro- 
carbons involves either the insertion of an oxy- 
gen atom into the molecule, or the removal of 
two hydrogen atoms from the molecule. We 
may summarize the mild oxidation of methane 
as follows: 


(+0) (-H;) 2 (+О) 
DEM — —'GENOEH = 
Methyl Formal- 
Methane Alcohol dehyde 
49 (+0) 
HC. CO; + H;O. 
OH 
Formic End 
Acid Products 


Thus, between the hydrocarbon and the end 
products of oxidation three types of com- 
pounds appear: alcohols, aldehydes, and or- 
ganic acids. 

It is sometimes necessary in actual practice 
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to carry out the steps in the oxidation of hydro- 
carbons indirectly. For example, in making 
methyl alcohol from methane, the methane 
may be first treated. with chlorine to form 
methyl chloride, which is then caused to react 
with sodium hydroxide to produce the alcohol 
according to the following reactions: 
CH, + Cl, = НСІ + CH4CI 
CH;Cl + NaOH = NaCl + СНзОН. 

The oxidation of an alcohol like iso-propyl 
alcohol, СН,СНОНСН,, where the alcohol 
group is in a non-terminal position in the car- 
bon chain, produces not an aldehyde, but a 
compound known as a ketone. 


CHa. (—Н›) СИ. 
CH-OH———> . £-0. 
CH CHj 


Isopropyl Alcohol Acetone 


Ketones cannot be oxidized to acids, but vigor- 
ous oxidation of them (burning) again yields 
CO, and Н.О. 

Organic acids, such as CH;COOH, acetic 
acid, are weak electrolytes in general. They 
form salts with bases just as inorganic acids do. 


ALCOHOLS 
Methyl Alcohol, CHOH. This volatile 


liquid is also known as methanol and as wood 
alcohol. The latter name is based on the fact 
that this compound is an important by-prod- 
uct from the destructive distillation of wood 
to produce charcoal. Great quantities of it are 
also produced by the catalytic hydrogenation 
of carbon monoxide. This compound is poison- 
ous and can produce blindness. Since it is ab- 
sorbed through the skin, it is unfit for use as rub- 
bing alcohol. It is a very important solvent and 
is used both as an anti-freeze and as a denatur- 
ant for ethyl alcohol. It is the starting point 
in the production of many synthetic chemicals. 

Ethyl Alcohol, C;H;,OH. This vitally im- 
portant compound is produced in large quan- 
tities from the fermentation of carbohydrate 
compounds contained in molasses, corn, rye, 
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barley, and potatoes. Enzymes in yeast cause 
the. fermentation. It has the property of ab- 
sorbing moisture from the atmosphere until it 
has a composition of 95% alcohol and 5% wa- 
ter. It is also known as grain alcohol and as 
ethanol. It is extensively used in the production 
of other chemicals and chemical products, par- 
ticularly in industries preparing drugs, medici- 
nals, and cosmetics. It is present in a variety of 
beverages, causing them to be intoxicating. It 
ranks next to water as an important solvent, and 
alcoholic solutions are known as tinctures. To 
prevent its illegal use in the manufacture of 
beverages, it is often denatured by dissolving 
poisonous and nauseating compounds in it. 

Iso-propyl alcohol, CH; CHOHCH. This 
liquid is extensively used as rubbing alcohol. It 
is prepared from the gases obtained from the 
cracking of petroleum. 

Glycerin, C;H;(OH).. This sweet syrupy 
liquid is obtained as a by-product from the 
manufacture of soap. It is used as an anti-freeze 
and as a moistening agent in tobacco and cos- 
metics. When treated with concentrated nitric 
and sulfuric acids it is converted to nitroglyc- 
erin which is in turn absorbed in clay to form 
dynamite. 

Phenol, C,H;OH. Known also as carbolic 
acid, this compound is obtained in great quan- 
tity from coal tar. It is an important disinfect- 
ant, and great quantities of it are used in the 
preparation of plastics and other aromatic 
chemicals. It may also be called mono-hy- 
droxy-benzene. Its related poly-hydroxy-ben- 
zenes such as hydroquinone, C,H,(OH);, 
and pyrogallol, С,Н,(ОН),, are important 
photographic developers. 


ALDEHYDES 


Formaldehyde, HCHO. This gas is pre- 
pared by oxidizing methyl alcohol with hot 
copper oxide. A 40% solution of it is called 
Formalin. It is poisonous, and is an important 
germicidal agent and preservative. Great quan- 
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tities of this compound are used with phenol 
in the preparation of plastics. 

Acetaldehyde, CH;CHO. Small amounts 
of this and other aldehydes are responsible for 
the flavor and scent of alcoholic beverages. It 
is formed by the gradual oxidation of ethyl al- 
cohol. It is used as an intermediate in the prep- 
aration of other organic chemicals because it 
is very reactive chemically. 


KETONES 


Acetone, CH;COCH,;. This volatile liquid 
is formed by the oxidation or dehydrogenation 
of isopropyl alcohol, It is also obtained from 
the destructive distillation of wood. It is an 
important solvent as well as a raw material in 
the preparation of other organic compounds. 


ACIDS 
Acetic acid, CH;COOH. Some acetic acid 


is obtained from the destructive distillation of 
wood, but most of it is produced by the fer- 
mentation of fruit juices. Vinegar is a dilute 
solution of this acid. Pure acetic acid is known 
as glacial acetic acid. It is an exellent solvent, 
and is used in the preparation of photographic 
film and synthetic fibers. 

Formic Acid, HCOOH. Produced by the 
oxidation of formaldehyde, this liquid with an 
irritating odor is found in ants (from which it 
was originally prepared by distillation) and 
stinging plants. It is a constituent of perspira- 
tion. 

Citric Acid, H,C,H,O;. This solid com- 
pound is contained in the juices of citrous 
fruits like lemons and limes, and was formerly 
obtained almost exclusively from these fruits. 
It is now prepared by the action of molds on 
molasses and sugar. It is used as an ingredient 
in many drugs and in soft drinks. 

Oxalic Acid, Н,С,О,. This solid acid is pro- 
duced by the action of the same molds on mo- 
lasses and sugar as in the production of citric 
acid. When the pH of the solution is 6-7, ox- 
alic acid is formed, When the pH is reduced to 
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1—2, citric acid is produced. Oxalic acid is an 
important reducing agent and is used to bleach 
wood and rust stains in clothing. 


ESTERS 


Esters are compounds formed from the reac- 
tion of an alcohol with an organic acid. The 
general reaction 15: 


Esterification 

Hydrolysis 
The reaction to the right, esterification, is fa- 
vored by the presence of concentrated sulfuric 
acid which is a powerful dehydrating agent 
and removes the water as it is formed. When 
water is added to an ester, hydrolysis readily 
occurs especially if either the alcohol or the 
acid can be removed from the system by pre- 
cipitation or volatilization. 

Esters tend to have pleasant scents and fla- 
vors. These properties are utilized in beverages, 
confections, medicines, cosmetics, and toilet 
waters. Some of the more commonly knows 
esters are amyl acetate (banana oil) and 
methyl salicylate (oil of wintergreen). Esters 
are likewise utilized as very important solvents. 


Alcohol 4- Acid Water + Ester, 


FATS AND SOAP 


A fat is an ester of glycerin and an organic 
acid. Butter fat is a mixture of such compounds 
whose acid radicals contain 4 or more carbon 
atoms. The chief compound in beef fat is glyc- 
егіп tristearate, (C,,H;;COO);C3Hs. Vege- 
table oils used in cooking, such as cottonseed oil, 
olive ou, soy bean oil, and coconut oil, all con- 
tain unsaturated esters of glycerin which, when 
hydrogenated in the presence of a nickel cata- 
lyst, yield solid fats. Fats are widely used in 
cooking, particularly as shortening, and in the 
making of candles. They form the raw material 
from which soap is made. 

When a fat is heated with a solution of so- 
dium hydroxide, hydrolysis takes place, and 
the fat ester is converted to glycerin and the 
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sodium salt of the acid. Such a salt is known as 
a soap. [he general reaction is: 


Fat + Alkali Solution = Glycerin + Soap 


Since soap is a sodium salt, the soap 15 separated 
from the glycerin solution by adding sodium 
chloride to precipitate the soap by the com- 
mon ion effect. The glycerin is obtained as a 
valuable by-product by distillation of the re- 
maining solution. 

Ordinary cleansing soap is primarily sodium 
stearate, C,,H,;;COONa. In facial soaps the 
excess alkali is removed, but in laundry soaps 
more alkali is added to provide more grease- 
cutting action. Floating soaps are aerated to 
lower the specific gravity below 1. Shaving 
soaps are made with potassium hydroxide rather 
than sodium hydroxides. Soaps may also con- 
tain perfumes and other germicidal or cleans- 
ing additives. 

EXPERIMENT 30: Prepare various solutions of soap 
and water by shaking different kinds of soap with 
about 1 cup of water in each case. Be sure to include 
both face soap and laundry soap. Add a few drops of 
phenolphthalein solution, prepared in Experiment 5, 
to each soap solution. The intensity of the pink or 
red color is an indication of the amount of free al- 
kali in each type of soap. Facial soaps should contain 
Jess free alkali than laundry soaps. Do your results 
concur? 

ETHERS 


Ethers are formed by the dehydration of al- 
cohols by concentrated sulfuric acid. Diethyl 
ether, C,H;OC.H,, which is the well-known 
anesthetic, is made from ethy] alcohol: 


(H2SO,) 
2 C.H;OH———> H20 + C2H;0C2Hs. 
dessicant 
The ether formed is extremely volatile and not 
miscible with water. Thus it is easily distilled 
from the water. Ethers are extremely inflam- 


mable. 
CARBOHYDRATES 


Carbohydrates are compounds of carbon, 
hydrogen, and oxygen which usually have a 
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hydrogen to oxygen atomic ratio of 2 to 1, the 
same as in water. Carbohydrates are also known 
as saccharides. The chief members of this 
family of compounds are cellulose, starches, 
and sugars. Both cellulose and starch are 
formed in plants from carbon dioxide and wa- 
ter by photosynthesis. Both may be repre- 
sented by the following formula: (C50)... 
This formula indicates that the molecules of 
these compounds consist of a series of units, 
each containing the basic carbon-hydrogen- 
oxygen ratio indicated, joined to form a long 
chain. The actual number of such units present 
in a single moleule has not yet been discovered. 
Cellulose differs from starch in the spacial ar- 
rangement of the atoms in the molecule, and 
contains more of the basic units than starch. 
They are both referred to as polysaccharides 
because they contain more than one simple 
unit, Starch is obtained chiefly from cereal 
grains and from potatoes. Cellulose is the basic 
constituent of plant structures. Cotton and 
linen are almost pure cellulose, while wood is 
cellulose mixed with compounds called lig- 
nins. 

Polysaccharides hydrolyze in the presence 
of acid and enzymes to form simple sugars of 
the formula C,H,,O,. There are many differ- 
ent sugars with this formula. They differ from 
each other again in the arrangement of the 
atoms in their molecules, and thus have differ- 
ent properties. The two basic types of simple 
sugars are glucose (also called dextrose), and 
fructose (also called levulose). Note the 
structures of these two compounds: 


ji 
HOHHH 
7 —€-C— ө-т H 
2 
5 БНМ | 
OHOOO 
| |Р el 
H HHH 
Glucose 
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Fructose 


You can see that glucose is a polyhydroxy al- 
dehyde while fructose is a polyhydroxy ketone. 
Simple sugars are called monosaccharides. 
Our bodies have the enzymes necessary to hy- 
drolyze starch to glucose, but lack the en- 
zymes required to digest cellulose. 

Ordinary cane sugar is sucrose, obtained 
from sugar cane or sugar beets. It is a disaccha- 
ride, consisting of two combined basic units 
of the formula С„Н»О!,. In hydrolysis, it adds 
one molecule of water to form one molecule of 
glucose and one molecule of fructose. This 
equimolar mixture is known as invert sugar. 
Honey is essentially invert sugar. 


PLASTICS AND SYNTHETIC FIBERS 


When small organic molecules are caused to 
be linked together to form long chains, or com- 
plex two and three dimensional networks, the 
process is known as polymerization, and the 
products are called high polymers. Polymeri- 
zation takes place only in molecules containing 
double or triple bonds, and is usually depend- 
ent upon temperature, pressure, and the pres- 
ence of a suitable catalyst. 

For example, the gas ethylene, H.C = CH,, 
when heated under pressure polymerizes to 
form a solid transparent plastic called poly- 
ethylene. It consists of CH, units linked to- 


gether in an endless chain: .... CH,CH:CH, 
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CH, .... Ethylene is said to be the monomer 
of polyethylene. 

More commonly, two or more different 
monomers may be mixed and then co-poly- 
merized to form an almost endless variety of 
different plastic substances. Some of these plas- 
tics involve the addition of one monomer to 
another similar to the formation of polyethyl- 
ene. Others involve condensation, or the 
splitting out of water molecules as the mono- 
mers link together. 

In general, plastics behave towards heat in 
one of two ways. Either they are thermoset- 
ting, which means that on being heated they 
set to a hard infusible solid, or they are thermo- 
plastic, which means that on being heated they 
become soft and can be remolded or reshaped. 
Bakelite is an example of a thermosetting plas- 
tic, while Lucite or Plexiglass is an example of 
a thermoplastic plastic. 

Some synthetic fibres like Nylon are made 
by co-polymerization. This substance is said 
to be made from coal, water, and air. Actually, 
hydrogen from water and nitrogen from air 
are united to form ammonia which is then con- 
verted in a series of steps to a compound called 
hexamethylenediamine. Phenol, extracted 
from coal tar, is converted by another series 
of steps to a compound called adipic acid. 
These two synthetic compounds are then con- 
densed together, eliminating water and form- 
ing giant fibrous Nylon molecules. 

On the other hand, Rayon is pure cellulose. 
In its manufacture, purified cotton fibers (vir- 
tually pure cellulose) are converted to cellulose 
compounds, sodium cellulose and cellulose 
xanthate. The latter is then added to an acid 
solution which regenerates pure cellulose with 
characteristic silky properties. Acetate Rayon 
is the compound cellulose acetate. Thus these 
fibres are not related to plastics. 


CHAPTER 23 


NUCLEAR CHEMISTRY 


In 1896 the French scientist HENRI BECQUE- 
REL accidentally discovered a strange natural 
phenomenon. By chance he placed a sample of 
a mineral called pitchblende in his desk on top 
of a covered photographic plate. A key hap- 
pened to be between the mineral and the plate. 
He later used the plate, and when he developed 
it, he found that he had a photograph of the 
key. The only possible explanation was that 
some mysterious emanation was coming from 
the mineral capable of penetrating the cover 
on the photographic plate and causing the plate 
to be exposed. 

Shortly thereafter some European explorers 
in the Belgian Congo of Africa came upon a 
native village in which the tribal witch doctor 
cured his sick tribesmen by burying them to 
their neck in the ground around his village, It 
was later shown that this ground gave off the 
same emanation as the pitchblende. 

The emanation coming from these sub- 
stances was called radioactivity. It was 
quickly discovered that there were three dif- 
ferent types of emanations coming from radio- 
active substances. (See Fig. 53.) Pending fur- 
ther investigation they were called alpha, beta, 
and gamma rays, after the first three letters in 
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Fig. 53. Radioactivity Rays 


the Greek alphabet. Further study showed that 
the three types of “rays” were actually the fol- 
lowing: 


1. Alpha rays are nuclei of helium atoms, 
consisting of particles containing 2 neutrons 
and 2 protons. Thus they are positively 
charged. They move at speeds ranging from 
2000 to 20,000 miles per second, or from 1 to 
10 percent of the speed of light. 

2. Beta rays are a stream of electrons. Thus 
they too are particles. They are, of course, neg- 
atively charged. These electrons move quite 
fast, only slightly less than the speed of light. 

3. Gamma rays are radiant energy. They 
are best described as bundles of energy resem- 
bling light energy, or better still, X-rays. They 
move at the speed of light, but have neither 
mass nor electrical properties. 


The emanations of radioactive materials 
come exclusively from Nuclei of atoms. 
Whether the atoms are in the free elemental 
state or whether they are chemically combined 
in compounds has no effect on their radioac- 
tivity, but the fact that the nuclei of elements 
undergo change during radioactivity means 
that a transmutation of one element into an- 
other occurs. Such a change is not an ordinary 
chemical change, for it involves the nucleus 
rather than the planetary electrons of the atom. 
All of the elements of higher atomic number 
than lead have naturally radioactive isotopes. 

When the nucleus of an atom loses an alpha 
particle, it loses two protons, and therefore the 
atomic number of the remaining nucleus is two 
less than the atomic number of the original 
atoms. Thus, a uranium nucleus is transformed 
into a thorium nucleus as the result of the loss 
of an alpha particle. Or a radium nucleus is 
transformed into a radon nucleus by the same 
process. 
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The loss of a beta particle by a nucleus of an 
atom involves first the decomposition of a neu- 
tron. The neutron splits into a proton and an 
electron. The electron leaves the nucleus, and 
the remaining nucleus has one more proton 
than the original nucleus. Thus the atomic 
number is increased by one unit during this 
type of emanation. A uranium nucleus is thus 
converted to a neptunium nucleus, or a nep- 
tunium nucleus is transformed into a plutonium 
nucleus by this process. 

Gamma radiation does not cause transmuta- 
tion of the elements for it does not involve 
change in either mass or electrical charge. It 
may accompany either alpha or beta radiation, 
and it accounts for the energy changes that ac- 
company radioactivity. 

Since radioactive atoms decay, they are said 
to be unstable. One method of expressing the 
stability of radioative elements is known as the 
half-life of the element. This is simply the 
time required for half of a given sample of a 
radioactive element to change to another ele- 
ment. The half-life for a given isotope may 
vary from a few billionths of a second to mil- 
lions of years. Radium has a half-life of 1590 
years, which means that if one has 1 gram of 
radium today, 0.50 grams of radium will be 
left 1590 years from now. After another 1590 
years, 0.25 grams of the original radium will 
remain, and so on. It should be pointed out that 
these half-life periods are statistical in nature. 
If two atoms of radium are placed on a table, 
one may disintegrate immediately while the 
other may remain intact for millions of years. 
Two people may die today, or they may both 
live to be well over 100 years old, There is no 
way of knowing what will happen to a single 
individual. Nevertheless, it is certain that of all 
the people born in the year 1900, practically 
all of them will be dead by the year 2000. But 
in any case, it is obvious that an element with 


a long half-life period is more stable than one 
with a short half-life. 


Chemistry Made Simple 


Studies into the question of just what caused 
atoms to be radioactive revealed many facts 
concerning the nature of the atoms of the ele- 
ments. Some of the highlights are summarized 
as follows. 


1. Of the many intricate forces associated 
with the nucleus of an atom, two stand out. 
The principal nuclear particles, neutrons and 
protons, (known collectively as nucleons), 
are held together by gravitational forces. The 
tremendous density of these particles (hun- 
dreds of thousands of times the density of wa- 
ter) and the closeness of them to each other is 
the source of this gravitational force. On the 
other hand, the positively charged protons 
exert tremendous repulsive forces on each 
other. The neutrons serve to buffer the effect 
of these repulsive forces by maintaining a space 
interval between the protons. 

2. The attractive gravitational force tends 
to cause nuclear particles to combine and build 
up larger and larger nuclei. The repulsive elec- 
trical force tends to cause nuclei to fly apart and 
form smaller nuclei. It 1s reasonable to assume 
that a balance between these two forces exists 
somewhere between the largest and smallest 
nucleus. It turns out that silver (atomic number 
47) has the best balance and is thus the most 
stable nucleus. So, theoretically all elements 
heavier than silver should form silver by break- 
ing up, or by fission, and all elements lighter 
than silver should form silver by combination, 
or by fusion. Elements farthest from silver on 
either side will liberate the greatest amount of 
energy as they undergo fission or fusion. 

3. Another factor affecting the stability of 
nuclei is the ratio of the number of neutrons to 
the number of protons in the nucleus. For the 
very light atoms, the ratio is 1; for atoms in the 
middle of the list of elements, it is about 1.3; 
for the heavy elements, it is about 1.6. If there 
is any marked variation from the stable ratio, 
the atom will be radioacuve. For example: 
carbon 12, C", contains 6 protons and 6 neu- 
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trons in its nucleus. Its n/p ratio is 1. It is not 
radioactive. But carbon 14, C'*, has 8 neutrons 
and only 6 protons. Its n/p ratio is 1.3. This 
atom is radioactive because its ratio differs from 
the stable ratio. Thus, radioactivity is sponta- 
neous and is independent of temperature, pres- 
sure, catalysts, or any other external conditions. 

4. Both fission and fusion are different from 
ordinary radioactivity. Before heavy nuclei 
will split to form fragment nuclei of about 
equal size (fission), and before light nuclei will 
weld to form heavy nuclei (fusion), an input 
of energy, called activation energy, is re- 
quired. In the case of fusion, the activation en- 
ergy could be supplied by extremely high tem- 
peratures such as are found in the sun or other 
stars, or by the energy associated with ex- 
tremely high velocity particles at elevated tem- 
perature. In the case of fission, most nuclei also 
require very high activation energy. However, 
a few nuclei such as uranium 235 or plutonium 
can be activated by the energy associated with 
moving neutrons. 


NUCLEAR REACTIONS 


On the basis of their investigations into the 
nature of radioactivity, nuclear scientists dis- 
covered that it was possible to cause the arti- 
ficial transmutation of elements by bombard- 
ing their nuclei with atomic particles. In gen- 
eral, such reactions lead to the production of 
artificially radioactive isotopes of the various 
elements. Successful transmutation has been 


accomplished by using the following "bullets": 


1. Neutrons—n’. 

2. Protons (hydrogen nuclei) —H'. 

3. Deuterons (Deuterium nuclei) —H?. 
4. Alpha particles (helium nuclei) —He*. 
5. Gamma rays pure energy)—»". 


Hence, we can speak of 5 different types of 
nuclear reactions. They are: 


1. Neutron induced reactions. These re- 
sult in the formation of a heavier isotope of the 
bombarded element, or may result in the emis- 
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sion of protons or alpha particles. Examples 
are; 
Agi? + n! = Ар108, 

BY + n! = Li? + Het, 

NH 4 nt = CH + HÀ 
The last reaction is a side reaction from A- 
Bomb blasts and can cause serious conse- 
quences. C'* is intensely radioactive, has а half- 
life of 5000 years, and is formed in these blasts 
in reasonably large quantities. 

2. Proton induced reactions. These re- 
sult in the formation of the next higher ele- 
ment. Neutrons may or may not be emitted 
during these reactions. Examples are: 

БЕ A пз) 
Ов + H! = Е + nt, 
The latter reaction may be used as a source of 
neutrons for other nuclear reactions. 

3. Deuteron induced reactions. These re- 
sult in the formation of either protons, neu- 
trons, or alpha particles. This type is com- 
monly employed in the manufacture of artifi- 
cially radioactive elements. Examples are: 

Be? + H? = Bi? + ni, 
Ма? + H? = N2?* + Ні, 
Nez + H? = F18 + Het. 
The first reaction is commonly employed as a 
source of neutrons. 

4. Alpha particle induced reactions. 
These result in the emission of either protons 
or neutrons. Examples are: 

N' + Het =O" + Hi, 

Bi? + Het = N"? + п, 

Be? + Het = С!2 + ni. 
The first reaction was the first artificial trans- 
mutation ever carried out experimentally. The 
last one produces non-radioactive carbon and 
was the original source of neutrons for experi- 
mental purposes. 

5. Gamma ray induced reactions. Again, 
these may produce either protons or neutrons. 
Examples are: 
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Mg?! + gamma rays = Na” + ЕП. 
Be? + gamma rays = Be? + п!. 


All neutrons from the last reaction have the 
same energy. 

The particles used for bombardment in nu- 
clear reactions are usually energized to a defi- 
nite energy level before they are permitted to 
strike the target nuclei., [his energizing is ac- 
complished in various types of accelerating de- 
vices known as cyclotrons (Fig. 54), beta- 
trons, synchrotrons, linear accelerators, 
and various combinations of these devices. In 
general, these devices utilize the energy of mag- 
netic and electrical fields to speed up the bom- 
barding particle until it has the right energy to 
carry out a desired nuclear reaction. 
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Fig. 54. The Cyclotron 


Although nuclear reactions have been de- 
scribed as “atom-smashing,” you will notice 
that in all of the reactions described thus far, 
the alpha particle, Не“, is the largest sub-atomic 
particle produced. The new atoms formed are 
consequently only slightly smaller than the 
original target atoms. Therefore, the reactions 
which we have seen may more properly be de- 
scribed as “atom-chipping.” Just as in the case 
of ordinary chemical reactions, energy 15 either 
absorbed or released during nuclear reactions. 
The amount of energy associated with nuclear 
reactions is, in general, higher than that asso- 
ciated with chemical change, although some 
of the more powerful chemical reactions liber- 
ate a quantity of energy approaching that of 
nuclear reactions. However, in the late 1930's, 
two German scientists, HAHN and STRASSMANN, 
discovered that when neutrons were permitted 
to bombard uranium, a reaction liberating un- 
expectedly huge quantities of energy took 
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place, and that the products of the reaction con- 
sisted of two atoms each of about half the 
atomic weight of uranium. This reaction was 
indeed “atom-smashing,” for it resulted in the 
splitting, or fission, of uranium atoms into two 
approximately equal parts. 

This fission of uranium was interesting not 
only because of the tremendous energy output 
it produced, but also because during the reac- 
tion additional neutrons were liberated which 
were capable of spreading the fission reaction 
to neighboring atoms. This fact made possible 
a chain-reaction which could liberate previ- 
ously unheard of quantities of energy from 
relatively small amounts of matter. The first 
practical release of atomic energy was accom- 
plished in the fission chain-reactions of uranium 
and plutonium in the atomic bombs which 
brought World War II to an end. These same 
reactions are being carried out under carefully 
controlled conditions in atomic piles, Figure 
55. The heat generated in these piles is being 
utilized to supply steam for the generation of 
electrical energy for peacetime use, and the 
piles likewise are a source of radioactive ma- 
terials used in medical and scientific research. 
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Fig. 55. An Atomic Pile 


One of the interesting discoveries made in 
studying nuclear reactions was the finding of 
a new sub-atomic particle which is formed in 
some nuclear reactions. This particle, called the 
positron, has a mass equal to that of an elec- 
tron, and an electrical charge equal in magni- 
tude but opposite in sign to that of the electron. 
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It may be thought of as a positive electron. It 
is usually designated by the symbol e*. This 
particle is interesting because it can combine 
with an electron to form cosmic rays. In this 
reaction, the mass of both particles is trans- 
formed completely to pure energy. Positrons 
may also combine with neutrons to form pro- 
tons. 

The energy which we receive from the sun 
is believed to be caused by nuclear reactions 
taking place in the sun. However, these reac- 
tions are of the fusion type involving the build- 
ing up of light elements into heavier ones rather 
than of the fission type involving the splitting 
up of heavy elements into lighter ones. In 1938, 
HANS BETHE of Cornell University proposed a 
series of nuclear reactions involving the fusion 
of hydrogen into helium under the catalytic in- 
fluence of carbon and nitrogen. His series of 
reactions are: 


(1) C: + Н: = N” + Gamma rays. 
(2) NES S (Сш ает, 
(3) C33 + Н: = N* + Gamma rays. 
(4) № + H! = O18 + Gamma rays. 
(5) OF — N+ et, 


(6) N" + H! = Сї? + Het, 


Note that the six reactions form a complete 
cycle. The only net change is the fusion of 4 
hydrogen atoms into a helium atom. The car- 
bon and nitrogen are regenerated. The regen- 
eration of nitrogen is best seen if the cycle is 
started at equation (4). The positrons form 
єозшїс radiation, and this, together with the 


gamma radiation, is the source of solar energy 
which we receive. It should be noted that the 
theoretical energy from this cycle is exactly 
equal to the measured energy radiating from 
the sun. 

Reactions of the fusion type are also known 
as thermonuclear reactions. They require 
exceedingly high temperatures in order to take 
place. The energy liberated by this type of re- 
action is far greater than that associated with 
fission reactions. The thermonuclear reaction 
is the basis of the so-called hydrogen bomh 
which nuclear scientists have successfully dis- 
charged. Unlike fission reactions, which can 
be controlled and which therefore offer a mul- 
titude of foreseeable benefits to the peaceful 
existence of man, the thermonuclear reaction 
seems almost beyond control. It would appear 
that the most optimistic attitude toward ther- 
monuclear reactions is that their overwhelming 
destructive capacity will serve as a deterrent 
to future wars. 

One more important fact should be pointed 
out. Radioactive atoms behave chemically in 
exactly the same manner as their non-radioac- 
tive natural isotopes. ‘This fact is of tremendous 
value in research, The path of radioactive iso- 
topes can be traced through complex processes 
which occur in the human body, in the growth 
of plant and animal life, and in industrial proc- 
esses with the result that much insight can be 
gained as to the precise nature of many of these 
processes. It is quite probable that through the 
use of tracer elements man will soon be able to 
solve many of the present mysteries of Nature. 


ANSWERS TO PROBLEMS 


~~ Problem Set No. 1 
. From Table I, 1 fl. oz. = 29.573 ml. Therefore, 3 
fl. oz. = 88.719 ml. 

2. From Table I, 1 lb. = 453.6 g.; 1 oz. = 28.35 g. 
Finding sum of 1 lb. as grams and 3 oz. as grams, 
and moving decimal three places to left we have: 
1 lb. 3 oz. = 0.53865 Kg. 

3. From Table I, 1 sq. in. = 6.4516 sq. cm. Multiply- 
ing by 528 and moving decimal 4 places to left 
(2 unit changes) we have: 528 sq. in. — 0.3406 
sq. m. 

4. 22,400 cc. — 0.022400 c.m. From Table I, 1 c.m. 
= 35.3 cu. ft. Therefore, 0.022400 c.m. = 0.7907 
cu. ft. 


5. From Table I, 1 g. = 0.0353 oz. Therefore, 250 
g. = 8.825 oz. 

6. From Table 1, 1 sq. yd. = 0.8361 sq. m. Multiply- 
ing by 25 and moving decimal 4 places to right 
(2 unit changes) we have: 25 sq. yd. = 209,025 
sq. cm. 

7. From Table I, 1 fl. oz. = 29.573 ml. Multiplying 
by 8 and moving decimal 3 places to left we have: 
] cup = 8 fl. oz. = 0.2371. 

8. From Table I, 1 fl. oz. — 29.573 ml. Therefore, 
1 tablespoon = 0.5 fl. oz. = 14.787 ml. 


9. From Table I, 1 gal. = 3.7853 ]. Therefore, 18 
gal. == GUN )Ё 
10. Multiplying the dimensions we have 58.44 cu. in. 
in the book. From Table I, 1 cu. in. = 16.387 cc. 
Multiplying by 58.44 and moving decimal 3 
places to left (1 unit change) we have: volume 
of book — 0.958 c. dm. 


p Problem Set No. 2 
1. (a) Specific; (b) Accidental; (c) Specific. 
2. From Table III, density of aluminum is 2.7 g/cc. 
5.4 g. 
2.1g/ ec! 


3. From Table III, 1 cc. of gold weighs 19.3 g. and 
density of cork is 0.22 g/cc. Therefore: 19.3 g. 


of cork would occupy Exc = 87.7 cc. 

4. Specific gravity — density in g/cc. Density in 
g/cc. X 62.4 = Density in lbs/cu. ft. Therefore: 
1 cu. ft. weighs: 1.28 X 62.4 = 79.9 lbs. 


[ч 


Volume of 5.4 g. of aluminum = 


= 2 сс 


5. (a) Those with less density: cork, ice. 
(b) Those with greater density: gold. 

6. Carbon, hydrogen, oxygen, phosphorus, potas- 
sium, iodine, nitrogen, sulfur, calcium, iron, so- 
dium, chlorine. 

7. (a) mixture; (b) substance; (c) mixture; (d) 
mixture; (e) substance. 

8. (a) physical; (b) chemical; (c) chemical; (d) 
physical; (e) physical. 

9. (a) combination; (b) decomposition; (c) re- 
placement; (d) double displacement. 

10. Skin. The bubbles first form at the point of con- 


tact between the hydrogen peroxide solution 
and the skin. 


= 00 Problem Set No. 3 


1. The k-shell is number 1, the l-shell is number 2, 
etc. The relationship to use is: 
th == 2 52, 
Therefore: 
(a) 2 x 1? = 2 electrons in k-shell. 
(b) 2 X 2? — 8 electrons in l-shell. 
(c) 2 x 3? = 18 electrons in m-shell. 
(d) 2 x 4? — 32 electrons in n-shell. 
(e) 2 X 5? = 50 electrons in o-shell. 


2. (a) Nucleus: 5 p, 6 n; Electrons: 2, 3. 


(b) Nucleus: 12 p, 12 n; Electrons: 2, 8, 2. 

(c) Nucleus: 18 p, 22 n; Electrons: 2, 8, 8. 

(d) Nucleus: 34 p, 45 n; Electrons: 2, 8, 18, 6. 
(e) Nucleus: 40 p, 53 n; Electrons: 2, 8, 18, 10, 


2 
| Problem Set No. 4 


1. Rule 1, p. 34, tells us that the valence number of 
each sodium atom is +1. Each oxygen atom has 
received one electron from a sodium atom and 
shares one electron with another oxygen atom. 
Rule 5a tells us that the oxygen-to-oxygen bond 
doesn't count, so the valence number of each 
oxygen atom must be —1. Rule 5b tells us that 
oxygen has a valence number of —1 only in 
peroxides, so the name of this compound is sodi- 
um peroxide. 

2. Al, a Group III element, has a valence number of 
+3. S, a Group VI element, has a valence number 
of —2. Criss-crossing and writing as subscripts, 
we have: А193. Its name is aluminum sulfide. 
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. Mg, a Group ЇЇ element, has a valence number of 


+2. N, a Group V element, has a valence num- 
ber of —3. Criss-crossing and writing as sub- 
scripts, we have: Mg3Nz. Its name is magnesium 
nitride. 


. Each Na atom is +1. Total: +2. Each O atom is 


—2. Total: —6. Therefore, the C atom must be: 
+4, 


. The Ca atom it +2. Total: +2. The NO; ion is 


=k Oral Беек Паше X11). Ee problem 
here, then, is to show how the nitrate radical 
has a net valence number of —1. Each O atom is 
—2. Total: —6. Therefore, the N atom must be: 
+5 if the radical is to have 1 excess negative 
charge. 


. The NH, ion is +1. The SO, ion is —2. Criss- 


crossing and writing as subscripts, we have: 


(NH,)2SO,. 


. Mg has a valence number of +2. The PO, ion is 


— 3. Criss-crossing and writing as subscripts, we 
have: Mgsa(PO,)s. 


. Atomic wt. of C is 12.0 (X 12) = 144.0 
Atomic wt. of H is 1.0 (X 22) = 22.0 
Atomic wt. of O is 16.0 (X 11) = 176.0 

Formula wt. of sugar = 342.0 

. Atomic wt. of Al is 27.0 (х2) = 54.0 
Atomic wt. of S is 32.1 (х3) = 96.3 
Atomic wt. of О is 16.0 (X 12) = 192.0 


Formula wt. of aluminum sulfate 342.3 


Formula wt. of NaOH is 23.0 + 16.0 + 1.0 = 
40.0 Using Equation (1) on p. 38, we have: 
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О = 5.0 gram-moles of NaOH. 


EL 


1. 


Problem Set No. 5 


By Avogadro’s Hypothesis, the equal volumes 
contain the same number of molecules. There- 
fore, the nitrogen molecule weighs 14 times as 
much as the hydrogen molecule. Since hydro- 
gen, Н, has a molecular weight of 2, the molec- 
ular weight of nitrogen must be: 


2X 14= 28. 


Since the atomic weight of nitrogen is 14, the 
number of atoms in the nitrogen molecule must 
be: 
28 
14 
Therefore, the formula of nitrogen gas is: Ne. 


= 2, 
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2: No.of Atomic Total 
Atoms Weight Weight 
Carbon: 12 12 144 
Hydrogen: ge 1 22 
Oxygen: 11 16 176 
Molecular weight of sugar: 342 
% с= 23 х 100 = 42.10% 
oH == X100= 644% 
176 E 
Ф О = 315 X 100 = 51.46% 
_ 63.6 _ 
3. % Cu = 5:57 X 100 = 25.47% 
4. (First, find-96 par Nere nl x 100 
= 60.68% 
% purity = 2 X 100 = 95.58% pure NaCl 
60.68 % | i 
52.9 1.96 _ 
5. Aluminum: —— 270 = 1.96; OL 1 
47.1 2.94 
Охуреп: aa = 1.96 = 1.5. 


To produce whole numbers, we multiply each 
result by 2. The formula of the compound is 
therefore: AlOs. 


i 8 
Copper ae 0.8; Tem 2. 
Ma age 
Sulfur: ——— h^ 0.4; UP 1, 


Formula is: Cues. 


7 (а) 2 NaC] + H.SO, = NaSO, +2 не. 


(b) 4 NH; + 3 O2 = 2 N: + 6 H20. 
(c) 2 ZnS + 3 O: = 2 ZnO + 2 50. 


(d) CH; +5 O: = 3 СО, +4 H0O. 


(e) Саз(РО,): + 3 SiO; + 5 C = 3 CaSiO; Е 
SGOR 


CaCO; = CaO + СО. 
100.1 56.1 
500 JE 
100.1 — 56.1 
_ 500 x 56.1 
~ 100.2 


x = 280 lbs. of lime. 


9. (a) 2 KNO, e) КМО» ug Os. 


(b)2 moles of KNO; produce 1 mole of Os. 
Therefore, 12 moles of KNO; will produce 
6 moles of Os. 
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(c) Potassium Nitrite, 


(4) 12 moles of KNO; produce 12 moles of 
КМО». One gram-mole of KNO; is: 39.1 + 
14.0 + 32.0 = 85.1 g. of KNO». Therefore, 
12 x 85.1 = 1021.2 g. of КМО, produced. 


10. (a) Molés of Ns ddriitted: 29 = 10. 


Moles of Н, admitted: 290 = 50 


Ratio of moles of Hz to moles of Nz = 50:10 
= 5:1 
Molar ratio required by the equation = Hg: 
М» mm RU 
Therefore, there is an excess of hydrogen, 
and nitrogen is the limiting reactant. 

(b) Moles of Nz admitted = 10 moles (found 
above). 

(c) Moles of Н» required = 3 x 10 = 30 moles. 
Moles of excess Н» = 50 — 30 = 20 moles. 


(d) Since each mole of Ne produces 2 moles of 
NH;, the moles of NH; which can be pro- 
duced = 10 x 2 = 20 moles of NH}. 

(e) Molecular weight of NH; = 14 + 3 = 17. 
Weight of NH; which can be produced = 
20 x 17 — 340 grams. 


Problem Set No. 6 


. F=9/5 C4323; F= 24 32, F = 86°F. 


. F = 9/5 C + 32; 68 = 9/5 C + 32; C = 5/9 (68 = 
32) C —R Ou. 
. C= SRE; CEO CE5; 
A = 35 + 273 = 308° A. 

770 


: Уз = 500 X тт = 250 cc. 
" 461 - 
o Vo = 350 DEL 504 cc. 


. P3/T4 = P/T: (By cancelling constant V from 
Combined Gas Law) 

P2 = 750 x 25; — 1344 mm. 
. 750 X 0.108 = 81 mm. of СО»; 750 x 0.022 = 16.5 
mm. of CO; 750 x 0.045 = 33.8 mm. of Os; 750 
X 0.825 = 618.7 mm. of Ne. 


273 _ 740 


LUV s 150 5x 395 Х 769 ^ 139 cc 
Е 303 32052. | 
e У, = 330 х 273 х 5040 200 ce 


10. Vz = 400 x == X 
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Problem Set No. 7 
. Volume of gas at standard conditions: 
a: 273. 740 _ 
У, = 555 X 295 760 ЗЕ 500 ml. 
Density = — = 0.001293 g./ml. 


. From Table XV: Density of He = 0.00017847 


Density of Cl; = 0.003214 
By Law of Diffusion: 


Chlorine rate _ /0.00017847 _ E ее 7 
Helium rate — N 0.003214 ^ N 18 42 


Helium diffuses 4.2 times faster than chlorine. 


. Molecular weight of hydrogen is 2.016 


Wt. of a hydrogen molecule is: 
2.016 
6.023 x 10" 


A hydrogen atom thus weighs half this, or 1.67 
0 2 es 


= 3.34 X 10—24 р, 


. Volume of gas at standard conditions: 


n 2735974807? 3 
Ve—22.2 x 390 x oa 56.0 ml. 
Wt. of 22.4 liters would be: 
ОЕ , ж 
56 22400 


х = 96 g. which is the Molecular Wt. 


. Volume of gas at standard conditions: 


A ee УЗА 
Vo = 523 A UP ^ 760 = 456 ml. 
Molecular weight would be: 
02855 mh 
456 ^ 22400 
х= 42 
Simplest formula of compound would be: 
ВБ 0 atl S D HEN 
Carbon: seg = 7.143; 7143 ^ С 
14.28 — (1428 _ 
Hydrogen: ric 14.28; 7143 ^ 2. 


Simplest formula is therefore СН». Formula wt. 
of simplest formula is 12 + 2 = 14. Multiplier of 


subscripts must be: n — 3. True formula must 


then be: C3He. 


. The equation for the reaction is: 


10. 
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Zn + 2 НСІ = ZnCl, + Ho. 
Thus, each mole of zinc produces 1 mole of Ho. 


Moles of zinc = A^ 0.153 moles. Moles of He 


are: 0.153. Volume of Н» at standard conditions: 
0.306 х 22.4 = 3.43 liters. 


. The equation for the reaction is: 


| CaCO; = CO; + CaO. 
Thus, 1 mole of СаСО; produces 1 mole of СО». 
Moles of СаСО» = Moles of СО» produced = 


5 
224 
40 + 12 + 48 = 100. Wt. of CaCO; required = 
0.223 X 100 = 22.3 grams. 


= 0.223 moles. Molecular wt. of CaCO; = 


. The equation for the reaction is: 


2 СН» + 7 O: = 4 СО, + 6 Н.О 
Since volumes are in same ratio as coefficients, 
De gls 


- 7 X 
x = 52.5 liters of oxygen. 


. In PHs, 31 parts by weight of P are combined 


with 3 parts by weight of H. Therefore, equiva- 
lent weight of phosphorus is: 


БЇ og 
йй a 
x = 10.3. 
89.8 — x 

Step l: 102 = 8 


x = 70.43 (Equivalent wt. of element) 
Step 2: 


S MR | | 
0.0305 210 (Approximate atomic wt. of 
element) 
Step 3: 
210 | 
zT MN 2.98 (Approximate valence number) 


Nearest whole number is 3 (Correct valence 
number) 


Step 4: Exact atomic wt. of the element is: 
70.43 X 3 — 211.3. 
Problem Set No. 8 


. Room temperature must be above the critical 


temperature. Therefore, argon, carbon monox- 
ide, helium, hydrogen, nitrogen, and oxygen are 
gases at room temperature. 


2. 


185 
ECC PE M —3404-273 _ 

(а) эрш? 9960) 3904555 = 077 
78.5 + 273 _ 0528098 273 _ 

(с) 343.44 273 ^ 068 (953994773 = 0-61 
SIS ad. 100.0 + 273 . 

()—1&s1275 09800 3740341273 = O58 


3. Despite the extensive variation in the properties 


. To melt the ice: 


- (a) 


of the substances considered in Problem 2, the 
ratio is in remarkable agreement for each sub- 
stance. The absolute normal boiling point seems 
to be approximately two-thirds pf the absolute 
critical temperature. 


. The temperature indicated on the thermostat is 


180° F. The boiling point of water at the top of 
Pike’s Peak is about 62° C., or on the Fahrenheit 
scale: 
F =9/5 C+ 32 
= 9/5 X 62 + 32 = 144° Е. 

Thus the water would boil below the operating 
temperature of the thermostat. Therefore the 
thermostat should be removed to permit circu- 
lation of the water at this high elevation. 

25 X 79.7 = 1992.5 cal. 
100.X 25 =~ 2500.0 cal. 
25 X 540 = 13500.0 cal. 


17992.5 cal. 


To heat water to 100°: 
To boil the water: 


Total 
Problem Set No. 9 


0027* , 


(b) — 2234 
$8.5 X 0.050 
222 
(9) rixa 
2x02 
0.200 


0.2 = Ш 


= 0.08 М. 


= 0.5 М, 


= 2.0 №. 


(с) Equiv. Wt. of KCO; is % the Molecular 
Wt., or 69. 
2.76 

69 x 0.400 

(d) Equiv. Wt. of Al;(SO,)s is 1/6 of Molecu- 
lar Wt., or 57. 


Normality — zr LINE: 


6.84 


5750250 ^ 048 № 


Normality = 
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3. 
4.0 


(a) ух 0.400 


LEN 
(b) is 705 ML. 


= 0.25 МІ, 


4. (a) 25 x 100 = 2.3% (Note that in dilute solu- 


tions of solids in liquids, the solid dissolves 
without appreciable change in the volume of 
the solution.) 


6.0 


(b) 120 X 0.250 E M. (c) 0.2 x 2 = 0.4 N 
10 " 
340 2 T 


7. The equiv. wt. of AlCl; is 1/3 the molecular wt., 
or 44.5. 
2.67 
44.5 x 0.400 
8. С.У, = CV: 
0.8 x 35 =0.5 X X 
0.8 х 35 
0.5 
56 — 35 = 21 ml. of water to be added. 
9. Ni1Vi = N2Ve2 
24.0 X 0.1 = X X 25.0 


240 X0. E 
X= S55 = 0.096N. 


10. N, x У, (in liters) = + of equiv. 


_ 0.285 
X x0.20 = 143.5 


. 10285 
х= 143.5 х 0.020 


Problem Set No. 10 
1. From Equation (15): 


22 С X (М) x (P) 


Normality = = 0.15 N. 


= = 56:1]. 


= 0.099 N. 


BE IPS E 

ЗСС) — 

oh 47509 X.6.16 ge 

2. From Equation (17): 
Bow 0.52 w 
m 
N 1000 _ 

For C2H0», m = 24 + 6 + 32 = 62. 
Sh 0029800 у, 


62 


Therefore the solution boils at 100.52° C. 


. From Equation (18): 


_ 032w 
B= 
1000 
B — b= 101.3 — 100.0 = 1.3. 
e E 0.52 X 155 = 62. 
13 
. From Equation (20): 
_ 1.86w 
mU F-f 
1000 _ 
w=11.5X 100 — 115 g. 
F—f£20—4(—2.25) = 2.325", 
Pisce 
80; т = ——355—— = 92. 
. The ratio of the weight of glycol to the weight 
of water is: 
126 к 6 _ 126 
Eo Мей; 
Therefore, w = 1.26 x = 630g. 


From Equation (20): 


pg 1.86 w 
m 


_ 1.86 x 630 
п 62 


The solution freezes at —18.9° С. We then соп- 
vert this to °F.: 

F = 9/5 C + 32. 

F = 1.8 x (—18.9) + 32 = —2° F. 


к= = 18.9° С. 


Problem Set No. 11 
. Each mole of CaCl produces 3 moles of ions. 
Therefore, 
F — f = 3 x 1.86 x MI 
222 с 
= 3 X 1.86 X т ^ 1116 o 


Therefore, the solution freezes at —11.16° C. 


. (а) MgCl, = Mg++ +2 Cl- 


(Mg++) = 0.05 М 


(Cl-) =0.10M 
(H+) =0.50M 
(SO, = =@25M 


AN 


E 


o9 
. 


9. 
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(c) Fe (SO,), = 2 Fet ++ + 3 SO,--. 
(Fe+++) 202 M. 
(50.777) = 0,3 Mi 


‚ (a) KCO; + CaCl, = CaCO; + 2 KCl. 


(Formation of precipitate) 

(b) 2 HNO, = NaSO, = HSO; 22 NaNOs. 
(Forms weak electrolyte) 

(c) Нә5$О, + 2 AgNO; = Ag2SO, + 2 HNOs. 
(Forms precipitate) 

(d) HNO; + NaSO, = No reaction. 


HNO, =H+t + NO. 
(H+) x (NO2-) _ 
(HNO3) | 
(0.0063)? _ iS 
NW T Ож; 
Kea E 
Те 1.8 х 10 
= ДО ЖООШУ 
X —13 Xd0 3M, 
Шз 0p € 10? 
aa = йыз Б; 
(ШЕ) СӨТ) = R 
THON) 54x10 
X? — —10 


X= 4X02 —40 x 10-12 
(H+) =X =6.3 x 10-9 
pH = 6 — log 6.3 = 6 — 0.80 = 5.2. 


CNEL) x LOH D —5 
(NH4,OH) meni дыш 
) Е 


X? = 8x 105 
(OH-)-X-21.3x 10-3 
pOH = 3 — log 1.3 = 3 — 0.11 = 2.89 
pH = 14 — 2.89 = 11.11. 

(Н+) x (C4H30?-) 


p —5 
(HC;H303) ane 
X х 0.01 
nes == —5 
0.05 1.8 х 10 


(H+) =X=9.0 x 10-5 
pH = 5 — log 9.0 = 5 — 0.95 = 4.05. 


(a) КМО, =К+ + МО» 
H:O = OH- + H+ 


All strong electrolytes; no hydrolysis; So- 


lution remains neutral 


llan 


. Solubility = 0.009 g/liter = 


(b) КМО» =Kt + NO," 
Н.О = OH- + H+ 
Forms HNO); therefore solution basic. 
(с) NH4NO; = МН,+ + NO,- 
H:O = OH- + H+ 
Forms МН.ОН; solution becomes acidic. 


(d) NaSO; = Nat + S0;—— 
2 H;0 = 2 OH-7 +2 Н+ 
Forms Н»5$О›»; solution becomes basic, 
(c) PCS Pett s. 3901 —- 
3 H2O = 3 OH- + 3 Н+ 
Precipitates Fe(OH); solution becomes 
acidic. 


9 LCS 
zg moles/liter = 


1.6 X 10-4 M. 
Mg(OH); = Mg++ +2 OH- 
(Mg++) x (OH-)?=K,, 
(1090090) (FP О Аа = eee 
NOX TORA 
AgC.H;02 = Ag+ + СН:О›- 
(Agt) X (C2H3057) = 2 x 10-8 
а= X О = 20 х «0st 
(Ag+) = (C2H:027) = X = 44 x 10-2 M. 
MgCO; = Mg++ + CO;-- 
(Mig =t jx (CO phe »ed0- 5 
X x 095]x 10=5 
(Mg++) =X=2~x 10-* М. 


(a) MgCO; = Mg++ + CO7— .... +2 Н+ = 
H3CO,. So salt dissolves. 

(b) AgCl = Ag+ + Cl- .... + H+ = nothing. 
Salt does not dissolve. 

(c) Cu(OH)2 = Си++ +2 OH- .... +2 Н+ 
= 2 H3O. So salt dissolves. 

(d) Bas, = Ba -r SO 7 3 Ыы == 


nothing. Salt does not dissolve. 
Са(ОН): = Са++ + 2 OH- 
(Cat *):x (OH )?- 8 x 40-6, 


= x (X)?=8 x 10-5, 


= =8 x 10-8 
X? = 16 X 1079 
(ОН-) =X = 2.5 x 10-2 M 
pOH = 2 — log 2.5 = 1.60 
pH = 14 — 1.60 = 12.40 
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Problem Set No. 12 


. (a) Oxidation-reduction. (b) No valence 


change. (c) Oxidation-reduction. 

. (2) H5S-- 1 2S4 21- +2 НЕ: „ (b) Oxidiz- 
ing agent is I». (с) I» is reduced. 

(а) Оа т 472 Е ДЕКЕТ Ob) Reane= 


(d) This 


ing agent is 17. (с) I~ is oxidized. 
would not balance net charge. 

. (а) 2 MnO,- + 5 Sn** + 16 Н+ =2 Мп++ + 
5 Snt+++ + 8 Н.О. (b) The oxidizing agent 
isMnO,-. (с) 5п++ is oxidized. 

сакс О ы ar Peiper МЕНЮ Сг кн 
б Ке+++ + 7 H:O. (Ъ) The reducing agent is 
bett. (c)&r50,—-— is reduced. 


Problem Set No. 13 


. (a) The more positive half-reaction proceeds in 
each. ease. 

At Anode: 2H;0-z05,-4-4H* + 4е- 

At Cathode: 2 Н:Ө + 2e- = H5 + 2 OH- 

(b) Net reaction is sum of half-reactions with 
electrons balanced. Doubling the coefficients 
in the second reaction and adding both reac- 
tions in part (a), we get: 2 Н.О = 2 Н, + 
Or. 

. Noting that the cathode reaction has already 

been turned around, the minimum voltage will 

be the sum of the two emfs. 


(a) 1.358 + 2.712 = 4.07 volts. 
(b) Since a dry cell produces only 1.5 volts, it 
will not do. 


(c) Since a battery produces at least 6 volts, it 
will do. 

_20 X 30 x 3600 

ie 96500 


um 96500 x 40 
| 23 200 


35.5 X 15 X 3600 x 224 —. 
96500 X 71 
‚ (а) Mg + NiCl, = MgCl; + Ni 


(b) 3 Hz + 2 AuCl; = 6 HCI + 2 Au. 

(с) Cu + ZnCl, = No reaction. 

(d) Ag + HCl = No reaction. 

(e) 2 Al + 3 CuSO, = ALl;(SO,)s + 3 Cu. 
(f) Cu + 2 AgNO; = Cu(NO3)s + 2 Ag. 


. (a) Half-reactions: Al = АГ ++ + 3e- 
(+1.67 v) 


= 22.38 g. 
— 8,391 sec. 


. Volume — 6.267 hters. 


. (a) Half-reactions: 


Chemistry Made Simple 


Pb = РЬ++ + 2е- 
(+0.126 v) 
(b) Total emf: 1.67 — 0.126 = 0.544 volts. 


(c) Oxidizing half-reaction absorbs electrons. 
Therefore: 


Pp. Po Gove. 
Pb = Pb** + 2e- 
(+0.126 v) 
Ag Agt bes 
(—0.7995 v) 
(b) Total emf: 0.126 — (—0.7995) — 0.9255 volts 
(c) Reducing half-reaction gives off electrons. 
Therefore: 
|р) Bb +t eio eue 
(Contrast this with the results in Problem 7) 


. (a) At the anode, electrons are given off. There- 


fore, iron is the anode in the Edison cell. 
(b) Total emf: 0.877 — (—0.49) — 1.367 volts. 


. (a) Half reactions: 


Кешш Бет р се (—0.771 v) 

2 Cr++++7H.O = СгО;-- 4-14 Н+ + бе 
( —1.35 1 

(b) Total emf: —0.771 — (—1.36) = 0.5 80 voles 


Problem Set No. 14 


. In each case divide the density by 1.293. М»: 


0.9672. Оз: 1.1052. СО»: 1.5290. H:O: 0.6207. 
Ha: 0.0695. Оз: 1.6581. Air: 1.0000. 


. From Table ATV, v. p. at 20° = 17.5 mm; V. p. 


at 10°%= 9.7 mar: 


9.2 + 
175 x 100 = 524650. 


. From Table XIV: v. p. at 29° = 30.0 mm. 30.0 


X 89% = 26.7 mm. From Table XIV, 26.7 mm. 
gives a dew point of 27° C. or 80.6" Е. 


4. On page 74. 
5. +7. 


. Nitrogen, oxygen, hydrogen, helium, argon, 


neon, krypton, xenon, and possibly a bit of 
radon. 


. He, because molecular weight equals atomic 


weight. 


. A person, and the parts of his body, are cooled 


by moving through air because of increased rate 
of evaporation. Fast-moving bodies are actually 
heated by friction with the air. Meteorites, on 
striking the atmosphere, are heated until they 
burn brilliantly with oxygen. 


10. 
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. Lhe dissolved carbon dioxide is liberated more 


readily by the shaking. 
СО» comes off as a result of the action of citric 
acid on sodium bicarbonate. 


Problem Set No. 15 


im Relatively inert—less active than iodine. 


4. (a) H3AsQOs. 
. Bicarbonate ions from the sodium bicarbonate 


. In solution, HF is a weak electrolyte and there- 


fore supplies less hydrogen ions per unit concen- 
tration than the strong electrolyte НСІ. The spe- 
cific property of HF to attack glass has nothing 
to do with its acid characteristics. 


. At anode: Вг». At cathode: He. Resulting solu- 


tion: NaOH. 


. Probably the НСІ, which forms in light or under 


the heat of the iron, attacks the fibers to produce 
the stains. 


Problem Set No. 16 


‚ (a) ZnTe. (b) HeSe. (c) Н5е0О,. (d) Na:5203. 


Zn + Te = ZnTe. 
ZnIe + 2 HCl = ZnCl. + HeTe. 


. Two or more forms of the same element having 


different properties as a result of different molec- 
ular or crystalline structures. 


- (29, (€); and (e) are weak. (b), (d), and (f) are 


strong. 


. (а) S 15 oxidized and О» is reduced. 


(b) S in SOs;-- is oxidized and О» is reduced. 


(c) Sin SOs-- is oxidized and free S is reduced. 
(Note: in this case the free S behaves just 
like О» in the previous equation and has a 
valence number of —2 in the thiosulfate ion. 
The S in the sulfite ion is oxidized from a 
+4 to a +6 valence number in the thiosul- 
fate ion.) 


Problem Set No. 17 


. Fish is a source of phosphate which is required 


in brain and nerve tissue. 
2 SbeS3 + 9 Og = 2 5,0; + 6 О». 
9b905 + 3 C = 3 CO + 2 Sb. 
4 As + 5 О, = 2 АѕО; 
As20; + 3 Н.О = 2 H3AsO,. 
(b) HsSbO3. (c) H5SbO,. 


react with hydrogen ions from the mono-sodium 
phosphate to produce carbon dioxide which 


1. (a) Carbon monoxide. 


forms throughout the batter and causes it to 
rise. The equation is: 


H+ + HCO = Н.О ap COs. 


Problem Set No. 18 
(b) Carbon dioxide. 


. Both producer gas and water gas are made from 


steam and coke, but air is also used in making 
producer gas. This introduces large amounts of 
incombustible nitrogen which lowers the heat- 
ing value of the producer gas per unit volume. 


. Elements present in window glass are: oxvgen, 


silicon, sodium, magnesium, calcium, aluminum, 
and iron. 


. Peach kernels contain deadly hydrogen cyanide. 


If a sufficient number of them are eaten, violent 
illness or even death can result. 


. Dry plant matter contains 44% carbon. Carbon 


dioxide contains only 27% carbon. Thus a sub- 
stance less rich in carbon is being removed from 
the decaying plant matter. 


Problem Set No. 19 
2 KOH = Н, + О, + 2 К. 


. The alkali metals react chemically by losing the 


outermost electron. In the heavier members of 
this family, this negative electron is farther re- 
moved from the positive nucleus and thus is 
given up more readily. 


. The equation is: 


4.6 X 
2 Na +2 HO = 2 NaOH + He 
46 2 
Therefore: 
46 "X 
46 2 
X= EL = 0.2 g. of hydrogen. 


. Са+ + from limestone goes into the formation of 


CaCle. Cl- from salt goes into the formation of 
CaCls. Water is not recovered in the process. 


. Ammonium hydroxide is a solution of the gas 


ammonia in water. The solubility of all gases 
decreases as the temperature is increased. There- 
fore, heating ammonium hydroxide will drive 
off ammonia gas from the solution. 


Problem Set No. 20 


1. (a) Heating carnallite to its melting point will 


drive off the .water of crystallization as 
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steam, so no hydrogen will be present in the 
fused bath to be a by-product. 


(b) KCl: 2.922 — (—1.358) = 4.280 volts. 
MgCls: 2.34 — (—1.358) — 3.698 volts. 

(c) If the voltage during electrolysis is held be- 
low 4.28 volts, potassium cannot deposit. 
Ale(SO,)3 = 2 АІ+++ + 3 SO,-- 

6 H:O =6 OH- +6H+ 


2 АКОН), 


‚ (a) МаА1($О,)»,* 12 H20. 


(b) Alkaline earth metals are divalent. Alums 
contain only monovalent and trivalent ions. 
Thus no alkaline earth metals are found in 


alums. 
. Bern 3x 98H 
А Тола а 54 
Si: 6х28=168 96 Be— 27 x 100=5%. 
537 
O:18X 16 = 288 
537 


. The chemical activity of metals depends upon 


their ability to lose electrons. As is the case with 
the alkali metals, the heavier alkaline earth metals 
lose electrons more easily because the electrons 
are farther from the nucleus of the atoms. There- 
fore, radium, barium, and strontium will be 
above calcium in the activity series in this or- 
der: radium, barium, strontium, calcium, mag- 
nesium. 


Problem Set No. 21 


. Hematite—7046; Magnetite—72 96; Pyrites— 


47 96 ; Siderite—48 96. 


. See page 103. 

. (а)—3; (b)—1; (c) 22. 

. See page 152. 

- (a) Cr20; + 2 Al = AlO; + 2 Cr. 


(b) 3 VOF 10 Al= 5 АО, + 6 V. 


Problem Set No. 22 


. Malachite, Сог(ОН):СОз. The copper is dis- 
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solved from piping by the water containing dis- 
solved carbon dioxide. 


. By using the impure copper as the anode, cop- 


per and all metals above it in the activity series 
present in the anode go into solution as ions. All 
metals below copper in the activity series simply 
fall to the bottom of the bath as the anode de- 
composes. At the cathode, only copper, which 
is the least active metal in solution, can deposit. 
Thus copper is effectively separated from all 
other metals. 


2 ZnS + 3 Оз = 2 ZnO + 2 SO. 
ZnO + C= CO + Zn. 


. (a) Copper—wiring and electrical equipment. 


(b) Tin—Babbitt and bearing metals. 
(c) Mercury—Mercury fulminate. 


. Because it is a source of poisonous lead salts 


formed when water containing dissolved oxygen 
dissolves lead. 


Problem Set No. 23 


. A sacrificial anode must be chemically more ac- 


tive than the metal it protects. Since the noble 
metals are very inert, they would not serve as 
sacrificial anodes. 


. See page 155. 
3. See pages 163, 164 for the two definitions. 
. Silver is removed from photographic film and 


printing paper as sodium silver thiosulfate in the 
fixing process. Since silver is much less active 
than sodium, silver would easily be obtainable 
as a cathode deposit by subjecting this solution 
to electrolysis. 


. Lanthanides: Lanthanum, Cerium, Praseodymi- 


um, Neodymium, Promethium, Samarium, Eu- 
ropium, Gadolinium, Terbium, Dysprosium, 
Holmium, Erbium, Thulium, Ytterbium, Luteci- 
um. 

Actinides: Actinium, Thorium, Protactinium, 
Uranium, Neptunium, Plutonium, Americium, 
Berkelium, Californium, Einsteinium, Fermium, 
Mendelevium, Nobelium. 


CONCISE GLOSSARY OF CHEMICAL TERMS 


Absolute Temperature—Temperature scale whose degrees 
are the same as centigrads but whose zero is 273 degrees 
below that of centigrade. 

Absolute Zero—Zero on the absolute scale; the lowest tem- 
perature theoretically possible. 

Acid—A compound which yields hydrogen ions in solution. 

Activity—Ease of undergoing chemical change. 

Allotropic Forms—Forms of an element having different 
molecular structure causing differences in chemical and 
physical properties. 

Alloy—Metallic solid resulting from dissolving two or 
more molten metals in each other, possessing properties 
different from any of its constituents. 

Amalgam—aAn alloy of a metal and mercury. 

Amphoteric—Acting either as acid or base. 

Analysis—The determination of the composition of а sub- 
stance; the decomposition of a substance. 

Anion—Ion possessing a negative electrical charge; fon 
which will migrate to the anode, 

Anode— The positive plate in an electrolytic system; the 
plate where oxidation takes place and where electrons 
are lost. 

Aqua Regia—A highly corrosive solution consisting of 3 
parts concentrated hydrochloric acid and 1 part concen- 
trated nitric acid. 

Atom—The smallest quantity of an element that enters 
into chemical combination. It has a very small dense 
nucleus, positively charged. Negative particles called 
electrons rotate around the nucleus. 

Atomic Number—The number of protons in the nucleus of 
an atom; the number of electrons surrounding the nu- 
cleus of an atom. 

Atomic Weight—The weight of an atom compared with the 
weight of an atom of oxygen taken as 16. 


Base—The hydroxide of a metal. An alkali. 

Boiling Point—The temperature at which the pressure of 
the vapor of & substance equals that of its surrounding 
atmosphere. 

Bond—That which holds elements together in a compound, 
may be electrovalent or covalent, 


Carat—Unit of 24ths, by weight, used in expressing the 
composition of gold alloys; a unit (1/5 gram) for weigh- 
ing precious stones. 

Catalyst—A substance that changes the speed of a reac- 
tion without being itself permanently changed. 

Cathode—The negative plate in an electrolytic system; the 
plate at which electrons are taken up, and where reduc- 
tion takes place. 

Cation—Ion possessing a positive charge; ion which will 
migrate to the cathode. 

Centigrade—Thermometer scale on which the freezing 
point of water is zero and the boiling point is 100°. 

Chemical Change—A drastic change in properties to the 
extent that a new substance is formed. 

Chemical Properties—The ability of a substance to change 
into a new and completely different substance. 

Chemistry—Branch of science dealing with the composition 
and behavior of matter. 

Combustion—Burning; oxidation with the emission of heat 
and light (flame). 

Compound—aA pure substance consisting of chemically com- 
bined elements. 

Covalence—A type of bonding resulting from the sharing 
of pairs of electrons between atoms. 

Critical Temperature (of a gas)—Temperature above which 
the gas cannot be liquefied. 

Crystal—A solid in which the particles (molecules, atoms, 
ions) are arranged in a definite pattern in space. 


Decomposition—The process of breaking down a substance 
into simpler ones. 

Deliquescence—The absorption of water from the air by a 
substance to the extent that the substance is dissolved in 
the absorbed water. 4 

Desiccant—Drying agent; absorbs moisture from its sur- 
roundings. 

Distillate—The condensed liquid obtained by a distilling 
process. 


Electrode—'The plate or terminal of an electric system. 

Electrolyte—A substance which wiil cenduct a current 
when melted, er in solution. A substance decemposable 
by an electric current. 

Electrolysis—Decomposition of a substance, melted or in 
solution, by passing an electric current through the 
liquid. 

Electron—A constituent of an atom possessing a unit nega- 
tive electrical charge and having negligible weight from 
a chemical point of view. 

Electrevalence—A type of bonding in compounds in which 
oppositely charged ions are held together by attraotion. 

Element—The simpiest form of matter. 

Energy—The ability to do work. All changes involve loss 
or gain of energy. 

Equation—A concise statement of a chemical reaction 


using the symbols and formulas of the reactants and 
products. 

Equilibrium—Condition in which two processes proceed si- 
multaneously in opposite directions at the same rate. 
Equivalent—A quantity of a substance equal in weight to 

its equivalent weight. 
Equivalent Weight—That weight of a substance which has 
combined with or replaced 8 grams of oxygen. 
Excess—An amount of a reactant beyond that theoretically 
required for a reaction. 


Fahrenheit—Temperature scale on which the freezing 
point of water is 32° and the boiling point is 212°. 

Filtrate—The liquid obtained after filtration. 

Filtration—The process of separating a liquid from а solid 
by straining it through porous paper or other similar 
material. 

Flux—Material which permits another substance to melt 
more easily. 

Formula—The composition of a substance indicated by 
symbols of each element present and subscript numbers 
showing the number of each type of atom involved. 

Formula Weight—Sum of the atomic weights of all atoms 
in a formula; molecular weight. 

peel Point—Temperature at which a liquid changes to 
& solid. 

Fused—Molten. 


Hydrolysis—Heaction between ions of a salt and ions of 
res forming a solution which is either acidic or alka- 
ne. 
Hypothesise—An inteiligent guess as to the nature of а 
phenomenon. 


Inert—Possessing little tendency to undergo chemical 
change. 

Ion—An atom which has acquired an electrical charge as a 
resuit of the gain or loss of electrons; a charged atom or 
radical. 

Isotopes—Atoms of an element having the same chemicai 
properties but differing in atomic weight. 


Law—A non-varying performance in Nature. 


Matter—Anything that occupies space and has weight. 

Metal—Element which readily loses electrons to form 
positive ions; conductor of electricity. 

Metalloid—-Element possessing characteristics of both 
metals and non-mstals. 

Mixture—A combination of substances held together by 
physical rather than by chemical means. 

Mole—A quantity of a substance equal in weight to its mo- 
lecular (formula) weight. 

Molecular Weight—The weight of a molecule compared to 
the weight of an oxygen atom weighing 16 units; for- 
mula weight. 

Molecule—Smallest particle of a compound capable of hav- 
ing the properties of the compound. 


Neutralization— Removal of either acidity or alkalinity; 
reaction of an acid and a base to form a salt and water. 
Neutron—A constituent of an atom possessing no electrical 

charge and having a weight of 1 compared to an oxygen 
atom weighing 16 units. 
Noble—Not chemically active; relatively inert. 
Non-metal—Element which readily gains electrons to form 
negative ions; non-conductor of electricity. 
Nucleus—The kernel of an atom possessing essentially all 
o the weight of the atom and a positive electrical 
charge. 


Oxidation—Process involving loss of electrons by a sub- 
stance; gain in positive valence number; combination 
with oxygen. 

pH—Logarithm of the reciprocal of the molar concentra- 
tion of the hydrogen ion; a scaie indicating the acidity of 
a solution; if рН is less than 7 solution is acidic, if pH is 
Б ha is neutral, if pH is greater than 7 solution is 
alkaline, 


Phenomenon—A particular natural event. 

Physical change—-An alteration of the properties of a sub- 
stance without affecting the substance itself. 

Баткан Properties—Ths characteristics of a substance 
as S. 

Polar—Possessing poles or centers of both positive and 
negative electrical charge at two different locations in 
its structure. 

Precipitate—A solid which forms in and setties out from 
& solution. 

Products— The substances formed as a result of a chemical 
change. 

Proton—A constituent of an atom possessing a unit posi- 
tive electrical charge and having & weight of 1 com- 

ared te an oxygen atom weighing 16 units; a hydrogen 
on. 

Radienl—A group of elements bonded together which bs- 
have chemically as a single atom. 

Radloactivity: e breakdown of the nneleus of an atom 
through the emission of alpha, beta and gamma rays. 
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Reactlon—A chemical change. 


Kieactants—The substances which react with each other 
in a chemical change. 

Neduction—Process involving gain of electrons by a sub- 
stance; decrease in valence number; combination with 


hydrogen, 


Research—Directed investigation of natural phenomena 
to acquire deeper understanding of the behavior of Na- 


ture or to develop new products. 


Roasting—Heating a compound in air to convert it to an 


oxide. 


Bnlt—Compound which ionizes, but which produces neither 


hydrogen nor hydroxide ions in solution. 


Saturated—Containing the maximum amount possible un- 


der the conditions. 


Sclence—Knowledge gained from the study of the behav- 


ior of Nature. 


Solnbility—The extent to which a solute can dissolve in a 
solvent; the concentration of a saturated solution of a 


given solute. 


Solnte—That which is dissolved in a solvent. 


Solution—Homogeneous, non-settling mixture of two in- 


gredients, solute and solvent. 


Solvent—The medium in which a substance is dissolved. 


Stable—Relatively inert; hard to decompose. 


Absolute zero, 48 
Acetic acid, 174 
Acetylene, 136 
Activity series 

of metals, 97 

of non-metals, 118 
Alcohols, 173 
Aldehydes, 173 
Alkali metals, 138 
AMAU earth metals, 

1 
Allotropic forms, 112 
Alloys, 138 
Alpha rays, 177 
Alum, 147? 
Aluminum, 143 
Amalgam, 138 
Ammonia, 110 
Ammonium come. 

pounds, 141 
Anode, 95 
Antimony, 129 
Aqua regia, 155 
Argon, 116 
Arsenic, 129 
Atmosphere, 107 
Atom, 23 
Atomic number, 24 
Atomic pile, 180 
Atomic structure, 23 
Atomic weight 

of an atom, 24 

of an element, 27 
Avogadro’s hypothe- 

sis, 40 
шы number, 


Baking soda, 140 
Barium, 143 
Benzene, 169 
Beryllium, 143 
Beta rays, 177 
Bismuth, 129 
Pine, powder, 


Boiler scale, 148 
Boiling point, 61 
Borax, 135 
Boric acid, 135 
Boron, 132 
Boyle's Law, 47 
Brass, 158 
Bricks. 148 
Bromine, 118 
Bronze, 158 


Cadmium, 159 
Calcium, 143 
Capillary action, 68 
Carbohydrates, 175 
Carbon, 132 

Carbon cycle, 115 
Carbon dioxide, 115 
Carbon monoxide, 134 
Gambon tetrachloride, 
Catalyst, 21 

Cathode, 95 

Caustic potash, 140 
Caustic soda, 140 
Ceramics, 148 
Cesium, 138 


Chain reaction, 180 
Charcoal, 132 
Charles’ Law, 48 
Chemical change, 20 
Bertone properties, 


1 
Chlorine, 118 
Chlorine water, 123 
Chromium, 155 
Coal, 132 
Coal tar, 169 
Cobalt, 156 
Coke, 133 
Combustion, 111 
Compound, 17 
Concrete, 147 
Conservation of mat- 
ter, 39 
Copper, 158 
Cosmic rays, 181 
Covalence, 33 
Cracking, 172 
Cyanide, 136 
Cyclotron, 180 


ge proportions, 


Deliquescence, 74 
Density, 14 
Deuterium, 179 
Diamond, 132 
Diffusion, law of, 53 
Dry cell, 101 

Dry ice, 115 

Dulong and Petit, 57 
Dynamite, 173 


Edison cell, 106 
Electrolysis, 94 
Electrolytes, 76 
Electron, 23 
Electrovalence, 32 
Element, 17 
Energy, 21 
Epsom salt, 147 
Equations, 40 
Equilibrium, 81 
Equivalent weight 
of a compound, 66 
of an element, 56 
Ester, 174 
Ether, 175 
Evaporation, 61 


Faraday’s Laws, 96 
Fats, 174 

Fission, 178 

Flame, 111 
Fluorine, 118 
Formulas, 35 
Formula weight, 37 
Wer cupias groups, 


Fusion, 178 


Galvanic cells, 100 

Galvanic corrosion, 
108 

Galvanizing, 104 

Gamma rays, 177 

Gaseous state, 47 

Gasoline, 171 

Glass, 135 


Standard Conditions—0° C. and 760 mm. pressure or thelr 


equivalent, 


Standard Solution—Solution of accurately known concen- 


tration. 
Strong Electrolyte—Substance which ionizes 100% in wa- 


ter solution. 


Substance—A. definite variety of matter. 
Symbol—A letter or letters representing the name of an 


element, one atom of it, and a quantity of it equal in 


weight to its atomic weight. 


Synthesis—The formation of a compound by combining 


elements or more simple compounds. 


Theory—A general explanation of related phenomena sup- 
ported by evidence. 


Valence—The tendency of elements to form compounds; 3 


number indicating a charge on an ion or the number of 


pairs of electrons shared by one element with another; 
the bonding in a compound. 


Vapor—aA substance in the gaseous state at a temperature 
below its critical temperature. 


INDEX 


Glycerin, 173 

Gold, 163 

Grain alcohol, 173 

Gram, 12 

Gram molecular vol- 
ume, 53 

Graphite, 132 

Gypsum, 147 


Half-life, 178 

Halogens, 118 

Hard water, 147 

Helium, 116 

Henry’s Law, 69 

Hydrocarbons, 170 

Hydrochloric acid, 
122 

Hydrofluoric acid, 122 

Hydrogen, 113 

Hydrogen cyanide, 
136 

Hydrogen peroxide, 
113 


Hydrogen sulfide, 126 
Hydrolysis, 86 

Hypo, 127 
Hypothesis, 10 


Inert elements, 31 
Iodine, 118 

Ion, 32 
Ionization, 77 
Iron, 150 
Isotopes, 27 


Ketones, 174 
Kindling tempera- 
ture, 112 
Kinetic molecular 
theory, 51 
Knocking, 172 


Laughing gas, 111 
Law, 10 

Lead, 160 

Lead storage cell, 102 
LeChatelier, prin- 


ciple of, 82 
Lime, 145 
Limestone, 147 
Liter, 12 


Lithium, 138 


Magnesium, 143 
Manganese, 156 
Marble, 147 

Marsh gas, 170 

Mass action, law of, 


82 
Matches, 16 
Matter, 14 
Mercury, 159 
Metalloids, 124 
Metals, 137 
Methane, 170 
Metric system, 11 

ixture, 18 
Molarity, 66 
Mole, 37 
Molecular weight, 37 
Molecule, 34 
Molybdenum, 155 
Mortar, 146 
Muriatic acid, 122 


Volatile— Forms a gas with ease. 


Weak Electrolyte—Substance which ionizes only to a slight 
extent in water solution, 


Natural gas, 170 

Neon, 116 

Neon signs, 117 

Neutralization, 81 

Neutron, 23 

Nickel, 156 

Nitric acid, 110 

Nitrogen, 109 

Nitrogen cycle, 110 

Noble metals, 163 

Normality, 66 

Nuclear chemistry, 
177 

Nucleus, 24 

Nylon, 176 


Octane number, 171 

Oil of vitriol], 128 

Ore, 137 

Organic chemistry, 
167 

Oxidation, 91 

Oxygen, 111 

Ozone, 112 


Paints, 162 
Partial pressure, law 


of, 50 
Periodic table, 29 
Petroleum, 170 
pH, 84 
Phenomenon, 10 
Phosphates, 131 
Phosphorus, 129 
Photography, 164 
Physical change, 20 
ie properties, 
1 


Plaster of Paris, 147 
Plastics, 176 
Platinum, 165 
Plutonium, 179 
Polymerization, 171 
Porcelain, 148 
Portland cement, 147 
Positron, 180 
Potassium, 138 
по hydroxide, 
14 
Pottery, 148 
Pressure, 147 
Proton, 23 


Quartz, 132 


Radical, 36 
Radioactivity, 177 
Radium, 143 
Radon, 116 
Raoult’s Law, 71 
Rare earth metals, 
166 
Rayon, 176 
Reaction, 16 
Reduction, 91 
Relative humidity, 
108 
Roasting, 126 
Rubber, 172 
Rubidium, 138 


Sacrificial anodes, 104 
Sand, 132 


Saturated solution, 70 

Selenium, 124 

Silica, 135 

Silicon, 132 

Silicon dioxide, 135 

Silver, 163 

Slaked Iime, 146 

Soap, 174 

Soda ash, 141 

Sodium, 138 

Soda bicarbonate, 
14 

Sodium carbonate, 
140 

Sodium chloride, 139 

Sodium hydroxide, 
140 

Solid state, 63 

Solubility, 69 

Solubility product, 88 

Solute, 66 

Solutions, 66 

Solvent, 66 

Spontaneous combus- 
tion, 112 

Standard conditions, 


50 

Steel, 152 

Strong electrolytes, 
1 


9 

Strontium, 143 
Structural formulas, 

168 
Sugar, 175 
Sulfur, 124 
Sulfur dioxide, 126 
Sulfuric acid, 127 
Surface tension, 62 
Symbols, 27 


Table salt, 139 

ШОР, 112 

Temperature scales, 
4 


8 
Tellurium, 124 
Tetraethyl lead, 164 
Theory, 10 
Thermite reaction, 
145 
Tin, 160 
Titanium, 154 
pL 19709 
Tungsten, 155 


Uranium, 166 


Valence, 82 
Valence number, 34 
Vanadium, 154 
Vapor pressure, 60 
Vinegar, 174 
Vulcanizing, 126 


Washing soda, 141 
Water, 114 

Water gas, 113 
Water glass, 135 
Water softening, 148 
Weak electrolytes, 


19 
Wood alcohol, 173 


Zine, 159 
Zirconium, 154 
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Science 


Chemistry Made Simple 


Chemistry is the branch of science which 
deals with the composition of all forms of mat- 
ter and with the change of one form into an- 
other, the "what is" and "what happens" in 
Nature and "how" changes take place. This 
book takes the student, step-by-step, through 
the basics of elementary chemistry. Helpful 
diagrams and illustrations graphically present 
the material in the text. In addition to clearly 
written explanations of each element and the 
principles governing them, there are 47 Tables 
for quick reference and careful study. Defini- 
tions of terminology used in the book are in 
the Concise Glossary. Each chapter con- 
cludes with self-testing problems, with com- 
plete answers, to enable you to check your 
progress and understanding. There are also 
directions for 30 experiments which may be 
done at home. 
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